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PREFACE. 



This treatise on Optics is intended for all who desire 
to attain an accurate knowledge of one of the most 
interesting and useful branches of science. 

The author has endeavoured to steer clear of all 
abstruse mathematical investigation and formulse, so as 
to render the work easily understood by every intel- 
ligent reader. 

Considering the great want of technical education 
among the industrial classes of the United Kingdom at 
the present time, and the immense utility to them of 
the knowledge of the principles of Optics, and of their 
application to the fine and industrial arts, it is hoped 
that this treatise will be found useful not only to artists, 
but to mechanics and artisans generally. 

As a text-book for schools and colleges for both 
sexes, such a treatise, coming within the means of all, 
has long been a desideratum. 

The author has spared no pains to embody all the 
most valuable discoveries in the science down to 
the present period, and to render the work as com- 
plete as possible, both in regard to the principles 
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of Optics and their application to the practical pur- 
poses of life. 

The photographer will find numerous illustrations of 
the best and most recently-invented objectives, or lenses, 
and cameras by several of the most eminent makers in 
the world. The illustrations are, in many cases, of the 
real size of the objectives, and have been kindly fur- 
nished to the author, in several instances, by the makers 
themselves. 

The painter and house-decorator, the milliner and 
dressmaker, the tailor and outfitter, will, one and all, 
find the principles of colour and their harmonious rela- 
tion clearly explained ; whilst the sculptor, the builder, 
the stonecutter, the mason, the draughtsman, the archi- 
tect, the engineer — in short, all persons who may be 
engaged iu any department of human industry — will 
find the work, it is hoped, worthy of careful study. 

In no former period of the world's history was 
the truth of Lord Bacon's apothegm, " Knowledge is 
power," more apparent than it is in the present. 
Indeed, the apothegm may be paraphrased — Knowledge 
is pounds. 

It is now a generally- admitted fact, that the material 
progress of a country depends, to a greater extent than 
ever before, on the knowledge of science and art possessed 
by its inhabitants. It is confidently hoped that this 
treatise will contribute to the diffusion of useful know- 
ledge among the people, and consequently to their pro- 
gress in wealth and happiness. 
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CHAPTER I. 

Optics is the science which treats of vision, or seeing, 
and of the nature and properties of light^the changes 
which it undergoes in its qualities or direction when 
passing through bodies of different forms and sub- 
stances, when reflected from their surfaces, or when 
moving past them at small distances. 

Light is an emanation, or something which proceeds 
from bodies, and by means of which the external world 
is rendered manifest to the sense of sight. From the 
time of Socrates and Aristotle, down to the present 
day, or for a period of more than two thousand years, 
the most distinguished philosophera and scientific men 
have been divided in opinion as to its nature: one 
party has regarded it as consisting of material particles, 
or atoms, thrown off with great velocity from the lumi- 
nous body, in all directions, and as affecting the organs 
of vision, or the eyes, somewhat in the same way as 
odours affect the organs of smell; the other party 
regards it as a fluid, or ether, diffused through all 
nature, and in which waves, or undulations, are pro- 
duced by the action of the luminous body, and propa- 
gated in a manner somewhat similar to that of sound 
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through the air. This latter theory is now held by the 
greater number of scientific men who have devoted 
attention to the subject. In the Mosaic history of the 
creation, we find that light was created on the first day, 
and the sun, which we are accustomed to consider as 
the great source of light, on the fourth day. The Holy 
Bible declares, in simple and sublime conciseness, 
"And God said. Let there be light, and there was 
light." Thus emphatically declaring the importance 
of this element in the great system of nature. 

But however savans may difier respecting the origin 
of light, and the manner in which it passes from one 
place to another, it has certain most useful and general 
properties, which have been discovered by obseryation 
and* experiment. The grass, the herb yielding seed, 
and the fruit-tree yielding fruit, owe their germination, 
their growth, their resplendent colours, and their ex- 
quisite beauty, to the influences of the solar beams. 
The moving creatures of the waters, the birds that fly 
above the earth in the open firmament of heaven, the 
cattle, and the creeping thing, are, one and all, directly 
dependent for healthful vigour, and the 'continuance of 
life, on solar power, which seems to have given form to 
the chaotic earth as it dispelled the darkness from the 
face of the deep. 

As it is by the influence of light, acting through the 
wonderful mechanism of the eye, that a most extensive 
and important class of impressions are made on the 
mind of man, he has, from the early dawn of creation, 
in his untutored and uncivilised state, rendered homage 
and adoration to the sun, as the apparent source and 
fountain of light. 

In the early ages of mankind aU natural phenomena 
were viewed through a veil woven of threads of mysti- 
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cism and superstition, which n© one ventured to draw 
aside, or dreamed of lifting up. 

At length a spirit of inquiry germinated in the mind 
of man ; he commenced to speculate on the mysteries 
by which he was environed ; his first efforts " were like 
the gropings of the blind Cyclops in his cavern," and 
when searching for the light. of truth, he often wandered 
into darkness. 

Among those who were first called philosophers there 
was a doubt whether external objects were rendered 
visible by means of something which proceeded from 
them to the eye of the spectator, or of something else 
that issued from the eye of the spectator to external 
objects. It was the opinion of Pythagoras, that vision 
is caused by particles continually flying off from the 
surfaces of bodies, and entering the pupil of the eye ; 
but Plato and Empedocles supposed that the cause of 
vision is something emanating from the eye, which, 
meeting with something else that proceeds from the 
object, is thereby reflected back again. Aristotle main- 
tained, in opposition, as he says, to the opinion of 
Empedocles and others, that light is incorporeal. If 
it were not a mere quality, but a real substance, the 
motion of it, he says, could not be insensible, in passing 
from the 'east to the west, though it might escape our 
notice in a smaller distance. The Platonic philosophers 
were acquainted with two important properties of light, 
viz., that light, from whatever it proceeds, is propagated 
in right lines, and that when it i^ reflected from the 
surfaces of polished bodies, the angle of incidence is 
equal to the angle of reflexion. Among other questions 
propounded by Aristotle, we find one concerning the 
reason why a straight stick appears bent when it is 
held obliquely in water ; and Seneca says, that if the 
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light of the sun shine through an angular piece of 
glass, it will give all the colours of the rainbow. 
But, without investigating the nature of ths pheno- 
menon, he contents himself with saying, that this 
appearance is not of any real, but only a species oi false 
colour, such as is seen in the neck of a pigeon, which 
changes with the position. We thus find that the 
refraction, as well as the reflexion of light, had not 
escaped the notice of the ancients. In a treatise on 
Optics, ascribed to Euclid, there is an attempt made 
to explain the phenomenon of the image of an object 
appearing as if it were suspended in the air, between 
the spectator and a concave mirror ; and also an attempt 
to determine the size and figure of objects, from the 
angle under which they appear, or that the extremities 
of them subtend at the eye. The magnifying power of 
concave mirrors is mentioned both by Seneca and 
Pliny. It is probable that the ancient Romans and 
Druids had a method of lighting their sacred fire by 
means of reflecting concave speculums, and it is related 
by historians that Archimedes burned the Roman fleet 
by mirrors. Ptolemy, who lived about 150 years after 
Christ, was acquainted with atmospheric refraction, and 
of its being the cause of the sun, moon, and stars ap- 
pearing higher in the heavens than they would other- 
wise do. From the days of Ptolemy down to the time 
of Alhazen, an Arabian philosopher who lived in the 
twelfth century, a great chasm is found in the history 
of optics. Alhazen gives a tolerable description of the 
eye, and treats largely of the nature of vision ; main- 
taining that the crystalline humour is of principal use 
for this purpose, but without considering it as a lens ; 
and asserting that vision is not completed till the im- 
pressions of external objects are conveyed by the optic 
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nerve to the brain. He accounts for single vision by- 
two eyes by supposing that when two corresponding 
parts of the retina are aifected, the mind perceives but 
one image ; and he first advanced the opinion that the 
stars are sometimes seen above the horizon by means of 
refraction, when they are really belbw it, and also that 
the cause of the twinkling of the stars is refraction. 

From the writings of Alhazen and some imperfect 
experiments of Roger Bacon subsequently made, it is 
probable that the construction of spectacles was hit 
upon by Salvinus Armatus, a nobleman of Florence, 
who died in 1317. In the year 1311 a 'work was 
written by Theodoric, in which a rational explanation 
of the double rainbow is given. In 1575 a treatise 
called " De Lumine et Umbr^ " was published by 
3Iaurolycu8, teacher of mathematics at Messina, in 
which he demonstrates that the crystalline humour of 
the eye is a lens that collects the rays of light issuing 
from external objects, and throws them upon the retina. 
He showed that the defects called long-sightedness and 
short-sightedness proceeded from, too small or too great 
a refracting power in the eye ; and that in the former 
case the pencils of rays do not converge fast enough, 
so that the foci are beyond the retina; and in the 
latter that the rays converge too fast, and come to a 
focus before they reach the retina ; and further showed 
how and why these defects were remedied by the use 
of convex and concave lenses. He failed to discover 
the formation of the picture of external objects on the 
retina, which discovery was afterwards first made by 
Kepler in 1604. 

About the time that Maurolycus made his discovery 
of the nature of vision, Baptista Porta, a Neapolitan 
philosopher, invented the camera- obsour a, which threw 
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still more light on the same subject. The invention of 
the camera- obscura suggested to Kircher the invention 
of the magic lantern, which does that in the night that 
the camera does in the day. Porta observed that the 
pupil is contracted involuntarily when it is exposed to 
a strong light, and expands when the light is small. 
He was mistaken, however, in his opinion concerning 
the cause of single vision with two eyes, for he states 
we never see with more than one eye at one time. The 
accumulated facts and experiments furnished by various 
scientific men, and the numerous suggestions of writers 
on optics, on the construction and use of lenses, and 
their combinations, had now prepared the way for the ' 
construction of telescopes and microscopes. The ap- 
proach to the construction of the telescope was so 
gradual that the honour of its invention cannot be 
exclusively ascribed to any one person. It is, how- 
ever, generally admitted that to Jansen, a spectacle- 
maker of Middleburgh, the greater share of the credit 
is due. The first telescope was made by him in 1590. 
He had no sooner found the arrangement of lenses 
that produced the desired effect than he enclosed them 
in a tube, and ran with his instrument to Prince 
Maurice of Nassau, who immediately conceiving that 
it might be of use to him in his wars, desired the 
maker to keep it a secret. But this was found im- 
possible, though attempted for some time. 

Among those who applied the telescope to the great 
ends of astronomical science, the name of Galileo 
stands foremost. He made a telescope himself which 
magnified about thirty times, and with which he dis- 
covered the satellites of Jupiter, the solar spots, and 
that the milky way and nebulae consisted of a vast 
number of fixed stars, which, on account of their great 
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distance or extreme smallness, were invisible to the 
naked eye. Subsequently lie discovered tbat the planet 
Venus changes her phases like the moon. 

Kepler suggested important improvements in the 
construction of telescopes; he also very clearly ex- 
plained in a most scientific manner the principles of 
the instrument. He attributed erect vision from an 
inverted image on the retina to an operation of the 
mind beyond our power to understand. To him also is 
due the discovery of the great law of motion of the 
heavenly bodies, viz., that the squares of the periodical 
times are as the cubes of the mean distances from the 
bodies about which they revolve. 

At the period to which we now refer, the beginning 
of the seventeenth century, the subject of the refraction 
of the atmosphere received a great deal of attention 
from scientific men, particularly from Tycho Brahe, 
who, perceiving the importance of it to the perfection 
of astronomy, applied himself diligently to it. He 
determined the amount of atmospheric refractions^ at 
certain altitudes, to a tolerable degree of correctness. 
The honour of the discovery of the law of refraction, 
like many other important discoveries, cannot be ex- 
clusively ascribed to any one person, undoubtedly 
Snellius deserves a large share of the honour ; it is to 
Descartes that we are indebted for the best exposition 
of the law of refraction. 
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CHAPTER II. 



REFRACTION OF LIGHT. 



Although a ray of light will always move in the 
same straight line when it is not obstructed, yet many 
persons must haye noticed that when the light falls on 
a drop of water, or a piece of glass, or a vial containing 
any fluid which allows the light to pass, it does not 
reach the eye or illuminate a piece of paper placed 
behind those bodies in the same manner as before they 
were put in its way. This evidently is caused by some 
power which resides in the body of changing the direc- 
tion of the light. The branch of optics that explains 
the law according to which the direction of the light is 
thus changed is called dioptics, from two Greek words, 
one of which signifies through, and the other to see, 
because the bodies which cause this change in the 
direction of light are those through which we can see 
or through which light passes. 

In order to illustrate how this change or bending of 
light is produced, let w x y z (Fig. 1) represent a 
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vessel, in one side of which, x z, there is a small hole h. 
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If we place a lighted candle witMii two or three feet 
of it, so that its flame may be at a, a ray of Kght, a h, 
proceeding from it will pass through the hole h, and 
continue in a straight line, a A b c, till it reaches the 
bottom of the vessel at c, where it will form a bright spot. 
Having made a mark at c, let water be poured into the 
vessel till it rise to the height t r, and it will be seen that 
the spot which was before at c is now at d ; that is, the 
ray a h, which went straight on to c when the vessel 
was empty, has been bent at the point b, where it falls 
on the water, into the line b d. If a little soap be 
mixed with the water, so as to give it a slight misti- 
ness, the ray b d will be distinctly perceived to be a 
straight Hne, and that the bending or change in its 
direction has been produced entirely at the point b at 
the surface of the water. This bending of the ray 
A A B is called refraction, from a Latin word, which 
means breaking back, because the ray a A b seems to 
be broken back from its course at b, and the water is 
said to refract or break back the ray a A b. 

If we pour salt water in the vessel instead of fresh 
water, we shall find that the ray a A b is more bent at b. 
If alcohol be poured in, it will refract the ray more 
than salt water, and oil more than alcohol. If a piece 
of glass the exact shape of the water were placed in 
the vessel, we should find that it would refract the ray 
still more than oil, and in the line b e. 

By these facts, and many others that might be 
mentioned, we are led to the conclusion that when a 
ray of light passing through air falls in a slanting 
direction upon the surface of a liquid, or of solid bodies 
through which light can pass, it is refracted by them, 
and by different bodies in different degrees. 

If when the vessel w x y z is empty we place at c any 
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bright object, sucb as a sbilllng, and place tbe eye at a, 
" in tbe straigbt line a A c, tbe shilling will be distinctly- 
seen, because the light which proceeds from it must 
enter the eye at a. If we now pour water into the 
vessel till it rises to tr, without altering the position of 
the shilling, then the eye at a wiU no longer see the 
shilling, but if we move the shilling from c to D, it 
becomes visible to the eye at A the instant it comes to 
D. Now as the light from the shilling at d must pass 
to the eye in a straight line after it comes out of the 
water, it must pass in the direction B A A, and therefor© 
the ray of light from the shilling at D, by which it was 
seen at A, must have been d b, and this ray in passing 
out of the water must have been refracted at b into the 
line b A A. A similar effect will be produced if tr is 
the surface of salt water, alcohol, oil, or glass ; but 
with these substances we must place the shilling 
beyond D towards z, so that it may be seen at a. 
Hence we are led to conclude that when a ray of light 
passing through a liquid or solid body in a slanting 
direction to its surface quits it, it is refracted by that 
body, and by different bodies in different degrees. 

By the preceding simple experiments we are enabled 
to observe the nature of the refraction of light when 
passing from a rare or thin medium, such as air, into a 
denser medium, such as water, and also out of a dense 
medium or substance into a rare medium or substance. 
The Law of Refraction. — Let a circle etsu be 
described upon a piece of slate or metal, and having 
drawn the diameters E c s, T c tt, perpendicular to each 
other, let a small tube a c, be attached to the plate, so 
that it can move freely round c. If we now put the 
plate R T s u in a vessel of water, and fix it in such a 
manner that the surface of the water will coincide with 
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the line t u, but does not touch the lower end, c, of the 
tube A c, and then move the tube a c into the position 
K c, and admit a ray of light down through the tube, 
we shall find that the ray, 
on entering the water at c, 
will pass on in the same 
straight Kne to the point s, 
showing clearly that a ray 
of light falling perpendicu- ^i 




larly upon a refracting sur- y 
face is not bent or refracted 
in its perpendicular direc- 
tion. Ifthe tubeAcbenow 
placed in the position a c, 
and a ray of light is caused 

to pass through it, the ray will not pass on in a straight 
line, but will be bent or refracted at c into the line c d, 
and fall on the circle at d. The angle a c r, which the 
ray or tube makes with the perpendicular r c s is called 
the angle of incidence ; and the angle d c s, which the 
bent ray cd makes with the same perpendicular, is 
called the angle of refraction. If we now measure the 
length of the lines a b and d f, the shortest distances 
from the points a and d to the perpendicular e c s, by 
a scale of equal parts, or by a pair of compasses, we 
shall find that ab is very nearly one and one-third 
times the length of d f ; or, more correctly, A b is to 
DF as 1'336 to 1. 

If this experiment be repeated when the tube a o is 
in any other slanting direction, such as a c, in which 
case the bent ray will be c d, then if the lines a b and 
fd be measured as before, we shall find that as a J is to fd 
so is 1-336 to 1. The line a b is called the sine of the 
angle of incidence a c k, and d f the sine of the angle of 



12 opxics. 

refraction i) c s. It therefore follows that from air into 
■water the sine of the angle of incidence is to the sine of 
the angle of refraction as 1'336 to 1, whatever be the 
slanting direction of the incident ray with respect to 
the surface. 

"When the ray passes in a slanting direction through 
water into air the reverse rule holds good ; that is, if 
D c be the incident ray through water on the aerial 
surface t u, it is bent at c in the direction c a in passing 
through the air. Hence it follows that from water 
into air the sine of the angle of incidence is to the sine 
of the angle of refraction as 1 to 1'336. 

It will be seen by comparing the two foregoing 
cases that when the ray a c passes from air into water, 
the ray c d is refracted towards the perpendicular c s, 
and the sine of the angle of incidence is 1'336, while 
the sine of the angle of refraction is 1 ; but when the 
ray dc passes from water into air, the ray ca is 
refracted from the perpendicular c R, and the sine of 
the angle of incidence is 1, while the sine of the angle 
of refraction is 1'336. 

By these means we are enabled to determine the 
direction of any ray after it is refracted by the surface 
of water. If we want to find the direction of the ray 
a c (Fig. 2) for example, when it is refracted after 
falling on the surface Ttr of water at the point c. 
Draw c r perpendicular to x u, and from a draw a b 
perpendicular to c R, measure a J by any scale of equal 
parts, then say as 1-336 is to 1, so is the length of ab 
as measured by the scale to the length required. This 
proportion gives the length by the scale of the sine of 
the angle of refraction. If the length of this line be 
laid oS from c to e, towards v, and a line be drawn 
through e parallel to c s till it meet the circumference 
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of the circle at d, a line tlien drawn from do d deter- 
mines tlie direction of the refracted ray, and df per- 
pendicular to c s is the sine of the angle of refrac- 
tion c? c s. 

The number 1'336 is called the index, or exponent, 
or co-efi&cient of the refraction of water, and sometimes 
its refractiye power. 

If similar experiments to the foregoing were made 
■with other fluids and solids we should find that the law 
of refraction governs all of them, and that the index of 
refraction varies in each. 

Why light is thus refracted in passing from one 
substance or medium into another is still unknown, 
although attempts to explain the cause of it have been 
made by Descartes, Termat, Liebnitz, and other 
eminently scientific men. 

The following table contains the indices of refraction 
for several bodies, by means of which we can trace the 
passage of a ray through these bodies. 



I. TABLE OP INDICES OF EEFEACTION. 



Chromate of lead (max. 
fmin 
Kul)y silver . . 
Eealgar, artificial 
Octohedrite . . 
Diamond, Kochon 
Diamond, Newton 
Nitrate of lead . 
Blende . . . 
Phosphorus . . 
Glass of antimony 
Sulphur, melted 

„ native fmax.) 

Glass, lead 3, flmt 1 . 
Tungstate of lime (max, 
(min, 
Garhonate of lead (max. 



Jndex of 
Be&action. 
2-974 
2-600 
2-S64 
2-549 
2-600 
2-755 
2-439 
2-322 
2-260 
2-224 
2-200 
2-148 
2115 
2-038 
2028 
2-129 
1-970 
2-084 



Index of 
Eefraction. 

Garhonate of lead (min.) 1-813 

■ Calomel 1-970 

Zircon (max.) .... 2015 

„ (ord.) .... 1-961 

Glass, lead 2, sand 1 . . 1-987 

„ flint 1 . . 1-830 

Sulphate of lea^ .' . . 1-925 

Garnet 1-816 

Spinelle, ruhy . ■ . . 1-812 

SpineUe, Brewster . . . 1-764 

Arsenic 1-811 

Sapphire, blue .... 1-794 

„ white . . . 1-768 

Pyrope 1-792 

Nitrate of silver (max.) . 1-788 

„ (min.) . 1-729 

Glass, lead 1, flint 1 . . 1-787 

Euby , 1-779 
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Feldspar, spanelle . 
Cinnamon stone . 
Glass, lead 3, flint 4 

1 9 

Axinite . . 
Epidote (max.) 
(min.) 
Chrysoberyl . 
Nitrate of lead 
Carbonate of 



Index of 
Refraction. 
1-764 
1-739 
1-732 
1-724 
1-735 
1-703 
1-661 
1-760 
1-758 
strontian 

(max.) 1-700 
„ (min.) 1-543 

Boracite 1-701 

Sulphm-et of carbon . . 1-768 

Periodot (max.) . . . 1-685 

„ (min.). . . . 1-660 

Arragonite (ord.) . . . 1-693 

„ (ext.) . . . 1-535 

Calcareous spar (ord.) . 1-654 

„ (ext.) . 1-483 

Sulphate of barytes (ext.) 1-647 

„ (ord.) 1-631 

Topaz, colourless (ext.) . 1-620 

(ord.) . 1-610 

„ Brazil (ext.) . 1-640 

„ „ (ord.) . 1-632 

Oil of cassia 1-641 

Euclase (ext.) .... 1-663 

„ (ord.) .... 1-643 

Mother-of-pearl . . . 1-653 
Balsam of tolu .... 1-628 

Castor ....... 1-626 

Muriate of ammonia . . 1-625 

Anhydrite (ext.) . . . 1-622 

(ord.) . . . 1-577 

Guiaoum 1-619 

FUnt glass from 1-625 to 1-590 

Meionite 1-606 

OU of bitter almonds . . 1-603 
„ anise seed ^ . . . 1-601 
Balsam of Peru . . . 1-697 
Gum ammoniac . . . 1-592 
Tortoise shell .... 1-591 

Pitch 1-686 

Balsam of styrax . . . 1-584 

Bottle glass 1-582 

Horn 1-665 

Quartz (ext.) .... 1-558 
„ (ord.) .... 1-548 
Mellite (ext.) .... 1-566 



(ord.) 



1-638 



Gum mastic 1 

Burgundy pitch . . . 1 

Kesin 1 

Turpentine 1 

Rock salt . . 
Sugar, melted . 
Gum thus . . 
Comptonite . . 
Chalcedony . . 
Sulphate of copper (max.^ 
„ (min.' 

Copal 

Canada balsam . . . 

Amber 

Elemi 

Oil of tobacco . . . 

Dichroite 

ApophyUite .... 
Plate glass from 1-514 to 1 

Colophony 1 

Beeswax 1 

Olibanum 1 

Carbonate of barytes (min,) 1 
Crown glass from 1-625 to 1 

Caoutchouc 1 

Oil of sassafras .... 1 

„ cloves 1 

Balsam of Capivi 
Leucite . . . 
Citric acid . . 
Shell lac . . . 
Sulphate of lime 

Gum myrrh 1 

Wavellite 

Gum tragacanth . . . 
Mesotj'pe (max.) . . . 
„ (min.) . . . 

Saltpetre (nitrate of pot- 
ash) .... (max.J 1 
„ (min.) 1 

Tartrate of potash and soda 1 
Sulphate of zinc . . . 1 
„ potash. . . 1 

Gum Arabic I 

Stilbite 1 

OU of cumin l 

„ pimento . . . . 1 
„ sweet fennel seed . 1 
„ amber . . . . 1 
„ rhodium . . . . 1 
„ beech nut ... 1 



Indixof 
■ Belraction 
560 
560 
669 
667n 
667, 
564 
554 
563 
553 
552 
531 
549 
649 
647 
547 
647 
644 
543 
642 
643 
542 
544 
640 
634 
530 
634 
635 
628 
527 
527 
525 
625 
524 
520 
620 
622 
516 



514 
335 
615 
507 
509 
602 
608 
508 
607 
506 
606 
500 
600 
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Oil of nutmeg . 
Balsam of sulphur 
Sulphate of iron (max 
Oil of angelica . . 

„ carra-way seed 
Castor oil . . . . 
TaUow .... 
Obsidian .... 
Sulphate of magnesia 

from 1-4:63 to 1-488 



Iiide<of ; 
E«fraction. 
1-497 
1-497 
1-494 
1-493 
1-491 
1-490 
1-490 
1-488 



Oil of hyssop 
Camphor . . 
Cajeput oil . 
Oil of almonds 

„ sayine 

„ pennyroyal 
Carhonate of potash 
Oil of spearmint 
Opal .... 
Oil of thyme 

„ dill seed . 
Essence of lemon 
Oil of turpentine 

„ rape seed 

,, juniper . 

„ hergamot 

„ olives . . 

„ spermaceti 
Fluellite . . . 
Oil of lavender . 



1-487 
1-487 
1-483 
1-483 
1-482 
1-482 
1-482 
1-481 
1-480 
1-477 
1-477 
1-476 
1-475 
1-473 
1-473 
1-471 
1-470 
1-470 
1-470 
1-462 



fluid 



Oil of poppy . . 
„ camomile 

Alum 

Oil of ■wormwood . 
Spermaceti, melted 
Huor spar . 
Sulphuric acid 
Oil of rue 
Phosphoric acid 
Nitric acid . 
Muriatic acid 
Nitrous acid . 
Acetic acid . 
MaUc acid . 
Alcohol . . 
Oil of ambergris 
White of an egg 
Ether .... 
Cryolite . . . 
Salt water . . 
Aqueous humour of eye 
Vitreous „ 

External coating of the 
crystalline .... 
Middle coating „ 
Central coating „ 
Entire crystalline . . . 

Ice 1-308 

Tabasheer 1-111 

Air 1-000294 



Index of 
Befraction. 
1-463 
1-457 
1-457 
1-433 
1-446 
1-434 
1-434 
1-433 
1-426 
1-410 
1-410 
1-396 
1-396 
1-393 
1-372 
1-361 
1-361 
1-358 
1-349 
1-343 
1-337 
1-339 



1-377 
1-379 
1-399 
1-384 



Table or the Eepragtive Powers or Gases 

Carbonic acid . . 

001530 Carburetted hydrogen 

001159 Ammonia . . 

000834 Carbonic oxide . 

000772 Nitrous gas . . 

000678 Azote .... 

000663 Atmospheric air 

000644 Oxygen . . . 

000503 Hydrogen . . 

000451 Vacuum . . . 
000449 



Vapour of sulphuret of 

carbon 1 

Phosgene .... 1 

Cyanogen .... 1 

Chlorine 1 

defiant gas .... 1 

Sulphurous acid . . l-i 

Sulphuretted hydrogen 1 

Nitrous oxide ... 1 

Hydrocyanic acid . . 1 

Muriatic acid ... 1 



1-000449 
1-000443 
1-000385 
1-000340 
1-000303 
1-000300 
1-000294 
1000272 
1-000138 
1-000000 



TABLE II. 
Table of the Absolute Eefbactive Poweks op Bodies. 



Tabasheer 0-0976 

Cryolite 0-2742 

Fluorspar 03426 



Oxygen 03799 

Sulphate of barytes . . 0-3829 
Sulphurous acid gas . . 0-4455 
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Index of 
Eefraction. 

Nitrous gas .... 0-4491 

Air 0-4.528 

Carbonic acid .... 0-4537 

Azote 0-4734 

Chlorine 0-4813 

Nitrous oxide .... 0-6078 

Phosgene 0-6188 

Selenite 0-5386 

Carhonio oxide . . . 0-5387 

Quartz 0-5415 

Glass 0-6436 

Muriatic acid .... 0-6514 

Sulphuric acid . . . 0-6124 

Calcareous spai- . . . 0-6424 

Alum 0-6570 

Borax 0-6716 

Nitre 0-7079 

Eain water 0-7845 

Flint glass 0-' 



Index of 
Refraction. 

Cyanogen 0-8021 

Sulphuretted hydrogen . 0-8419 
Vapour of sulphuret of 

carhon 0-8743 

Ammonia 1-0032 

Aleohol, rectified . . . 1-0121 

Camphor 1-2551 

Olive oil 1-2607 

Amber 1-3654 

Ootohedrite .... 1-3816 

Sulphuret of carhon . . 1-4200 

Diamond 1-4666 

Realgar 1-6669 

Amhergris 1-7000 

Oil of cassia .... 1-7634 

Sulphur 2-2000 

Phosphorus .... 2-8857 

Hydrogen 3-0963 



,The indices of refraction given in Table 'No. I., relate 
to rays of light passing from a vacuum into the several 
bodies indicated. If it be required to find the index 
for a ray passing from one medium to another, it is 
only necessary to divide the index of the medium into 
which the ray is supposed to pass, by the index of the 
medium from -which it passes, and the quotient will be 
the required index. 

As the several media contained in this table are of 
different specific gravities, the indices of refraction 
annexed to their names do not show the relation of 
their absolute refractive powers, or the refractive 
powers of their ultimate particles. Hydrogen, for 
example, has a small index of refraction, which arises 
from its particles being at such a distance from one 
another ; but if we consider its specific gravity, we 
shall find that, instead of having a less refractive index 
than most other bodies, its ultimate particles exceed 
most other bodies in their absolute action in refracting 
light. 
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By supposing that the ultimate particles of bodies 
are equally heavy, Sir Isaac Newton has shown that 
the absolute refractive power is equal to the excess of 
the square of the index of refraction above unity, 
divided by the specific gravity of the body. In this 
way Table II. has been calculated. If w^ — 1 express 
the square of the index of refraction above unity, and 
G express the specific gravity of a medium, and A 
represent its absolute refracting power, we shall have — 

When an elastic fluid or gaseous medium imdergoes 
a change of density, its refracting power undergoes a 
corresponding change, increasing or decreasing as the 
density increases or decreases ; but the absolute refract- 
ing power remains sensibly constant, the index of refrac- 
tion varying in such a manner that n^ — 1 increases or 
diminishes in the same proportion as the density. 

Euler observed that spirituous liquors have a greater 
refractive power in proportion to their strength. He 
found that when a single object-glass was held in boil- 
ing water till it had acquired the same degree of heat, 
its focal distance was 16 inches ; whereas, when it was 
cold, it was 16J inches ; an increase of 66" Reaumur 
having made a difference of ^ of an inch in the focal 
distance of the lens. He also found that heat increases 
the refractive power of water and of other fluids, as 
well as that of glass. 
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CHAPTEE III. 

REFRACTION OF RAYS BY PRISMS AND LENSES. 

We are enabled by means of the law of refraction, 
already explained, to trace the course of a ray of light 
through any medium or body of any figure, or through 
any number of bodies, provided we can find the incK- 
nation of the incident ray to that part of the surface 
where the ray either enters or quits the body. 

The substance commonly used for refracting the 
rays of light, both in optical experiments and in the 
construction of optical instruments, is glass. For these 
purposes it is shaped into solids, of the following forms, 
a section of each of which is shown in the annexed 
Fig. 3 : 

1. A prism, shown at a, is a solid, having two plane 
surfaces — a p, a r — which are called its refracting sur- 




Fig. 3. 

faces. The face p r, equally inclined to a p and a e, 
is called the base of the prism. 

2. A plane glass, shown at b, has two plane surfaces, 
parallel to one another. 

3. A spherical lens, shown at c, is a sphere, having 
every point in its surface equally distant from the 
common centre. 

4. A double convex lens, shown at d, is a solid, 
bounded by two convex- spherical surfaces, whose cen- 
tres are on opposite sides of the lens. When the radii 
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of its two surfaces are equal, it is said to be equally- 
convex; and when tlie radii are unequal, it is said 
to be an unequally convex lens. 

5. A plano-convex lens, sbown at e, is bounded by a 
plane surface on one side, and by a convex surface on 
the other. 

6. A double-concave lens, shown at f, is bounded by 
two concave surfaces, whose centres are on opposite 
sides of the lens. 

7. A plano-concave lens, shown at g, is bounded by 
a plane surface on one side, and a concave surface on 
the other. 

8. ,A meniscus, or new-moon-shaped lens, shown at 
H, has one side concave, and the other convex. 

9. A concavo-convex lens, shown at i, is bounded by 
a concave surface on one side, and a convex surface on 
the other. 

The axis of these lenses is a straight line, mn, in 
which the centres of the spherical surfaces are situated, 
and to which their plane surfaces are perpendicular. 
If the sections from b to i were to revolve round the 
line M N, they would generate the different solid lenses 
which they represent ; but, in treating of the refraction 
of the lenses, we shall use the sections, because every 
section of the same lens passing through the axis m n 
has the same form, and hence what is true of one sec- 
tion must be true of the whole lens. The reader will 
bear in mind that the convex surface of a lens is like 
the outside of a watch-glass, and the concave surface 
like the hollow or inside of a watch-glass. 

Refraction through Prisms. — As prisms are used in 
the construction of several optical instruments, and are 
essential parts of the apparatus employed for decona- 
posing light and examining the properties of the com- 
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ponent parts of the solar beam, it is desirable that the 
reader should be able to trace the progress of light 
through their two refracting surfaces. Let a b c be a 
prism of plate glass, having its refracting power 1"525, 
and let H r be a ray of light falling obliquely upon the 




face A B at R. Through R draw m r n perpendicular to 
A B, and from any scale of equal parts take in a pair of 
compasses 1-525, or 15"25 parts, and, setting one foot 
of the compasses on H r, move it along to some point h 
till the other foot falls only on one point m of M r ; 
then, with r as centre, and h r as radius, describe the 
circle h m &. From the same scale take in the com- 
passes 1-000 or 10-00, and, setting one foot on the line 
R N, move it along to n till the other falls upon b in 
the circle h M J, taking care that when one foot is 
placed at b, the other foot can touch R n in no other 
point but n. But H m is the sine of the angle of inci- 
dence, and b n the sine of the angle of refraction ■ 
therefore the line r J s, drawn through b, will be the 
refracted ray. 

Again, as the ray e J s meets the second refracting 
surface, a c at s, through s, draw n s T perpendicular to 
AC, and from any scale of equal parts take in the 
compasses 1-000 or 10-00, and, setting one foot on the 
line s b, move it along to some point o, till the other 
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falls only on one point of s n, as at p. In like manner 
take from the same scale 1*525 or 15-25, and, setting 
one foot of the compasses in s t, move it towards some 
point Q, till the other foot falls at u, taking care that 
when one foot is placed at u, the other foot can touch 
ST in no other point but q. But, as the ray is now 
passing out of glass into air, o p is the sine of the angle 
of incidence, and qtj the sine of the angle of refraction; 
hence the line su drawn through u will be the re- 
fracted ray. The refraction of the prism has therefore 
bent the ray h r, which would have gone on to v in 
the straight line h r v, into the Hne s u, which forms 
with H V the angle u w v, which is the deviation or 
change of direction of the ray ; so that if the ray h r 
proceeded from the sun, or other luminous body, it 
would, by an eye placed at u, be seen at x, in the 
direction vvfx, and the angle of deviation will be 
H w a;, equal to u w v. 

In the preceding case the refracted ray r s, in pass- 
ing through the prism, is parallel to its base b c ; and, 
this being the case, the angle of deviation h w aj is less 
than in any other position of r s, and therefore of h b, 
as may be readily proved by constructing the figure 
for any other position of these rays. If the eye be 
placed behind the prism at u, and the prism turned 
round, we shall find that r s is parallel to the base b c, 
by the image of the candle at x being stationary. 
"When the prism is placed in the position that the ray 
R s is parallel to b c, or perpendicular to a y, a line 
bisecting the refracting angle b a c of the prism, then 
it ia evident that the angle of refraction at the first 
surface, b'&n, is equal to bay, half of the angle of the 
prism. Now, as half this angle is known, and the 
angle of incidence n b m can be easily measured, we 
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have, witliout further trouble, the angle of incidence 
and the corresponding angle of refraction at the sur- 
face A B. 

By the following proportion we obtain the refractive 
power : — As the sine of the angle of refraction is to 
the sine of the angle of incidence, so is unity to the 
index of refraction — that is, dividing the sine of the 
angle of incidence by the sine of the angle of refraction 
we find the index. This is probably the simplest 
method, and the most generally applicable for measur- 
ing refractive powers or indices, because soft solids 
and fluids can be placed in the refracting angles of 
hollow prisms made by joining two plates of parallel 
glass. 

Refraction of Light through Plane Glasses. — Let a b 
(Fig. 5) be a plane glass, and c D a ray of light re- 
fracted at D, on entering the glass iii the direction d e, 
and at e, on going out of the glass, in the direction 
E F : if the direction of the refracted rays d e and E r 
be determined by the method 
shown at Fig. 2, it will be found 
that E F is parallel to c d ; for, 
however much c D is bent out 
of its direction at the first sur- 
face of the glass, it is bent just 
as much in the opposite direc- 
tion at the second surface, and 

Fig. 5. .-. 

Will appear to an eye placed at 
F, as if it came in the direction g e, which is parallel 
to c D. If we suppose any number of rays to fall upon 
the upper surface of the glass a B, in a direction 
parallel to c D, they will suffer the same refraction as 
DE, and pass out at the lower side in a direction 
parallel to ef. Hence parallel rays falling on a plane 
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glass will retain their parallelism after passing through 
it. 

If from any point c (Fig. 6) diverging rays, such as 
c D, c E, be incident upon a plane glass a b, they will 
be refracted into the directions d f, e g, by the first 
surface, and in the directions f h, g i, by the second. 
By continuing' fd and ge backwards in the same 
straight lines, they will be 
found to meet at j, a point 
farther from the glass than c. j 
If we suppose the surface e d 
to be that of standing water 
placed horizontally, an eye 
within it would see the point 

c removed to j, the divergency of the rays n f, e g 
having been diminished by refraction at the surface 
E D. But when the rays d f, eg, undergo a second 
refraction, as in the case of plane glass, we shall find 
by continuing h f, i g backwards in the same straight, 
lines, that they will meet at a point k, and the object 
at c will appear to be brought nearer to the glass ; the 
rays f H, g i, by which it is seen, having been rendered 
more divergent by the two refractions. A plane glass, 
therefore, diminishes the distance from it of the diver- 
gent point of diverging rays. 

If we suppose the rays h r, g i to be converging to k, 
they will be made to converge to c by the refraction of 
the two surfaces, and consequently a plane glass causes 
the convergent point of converging rays to recede 
from it.. 

If the two surfaces d e, f g are equally curved, the 
one being convex and the other concave, like a watch- 
glass, they will act upon light nearly as a plane glass, 
and precisely like a plane glass if the convex and 
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concave sides are so related that tlie rays d c, f h are 
incident at equal angles on each surface ; but this is 
not the case when the surfaces have the same centre, 
unless, when the radiant point c is in their common 
centre. For these reasons glasses with parallel surfaces 
are used in windows and for watch glasses, as they 
produce very little change in the form and position of 
objects seen through them. 

The Limit of Possible Transmission. — ^When a ray of 
light falls in a very oblique or slanting direction upon 
the surface of a refracting medium, the ray, instead of 
being refracted, is totally reflected. The incident 
angle at which total reflection commences varies in 
different bodies, and is called the limit of possible trans- 
mission. The properties here described may be illus- 
trated experimentally. Let abcd (Fig. 7) represent 

a glass vessel filled with water, 
or any other transparent liquid. 
In the bottom is fixed a glass 
receiver, open at the bottom, 
and a tube, such as a lamp- 
'^'^' '''• chimney, carried upwards and 

continued above the surface of the liquid. If the 
flame of a lamp or candle be placed in the re- 
ceiver, as shown in the figure, rays from it pene- 
trating the liquid and proceeding towards the 
surface ab will strike this surface with various ob- 
liquities. Rays which strike it under angles of 
incidence within the limits of transmission will proceed 
into the air above the surface of the liquid, while 
those which strike it at greater angles of incidence 
will be reflected, and will penetrate the side B c of the 
glass vessel. An eye placed outside b c will see the 
candle reflected on that part of the surface ab upon 
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whicli the rays strike at angles of incidence exceeding 
the limit of transmission, and an eye placed above the 
surface ab will see the flame in the direction of the 
refracted rays which strike the surface with obliquities 
within the limit of transmission. 

TABLE III. 
Shewing the Limits op Possible Transmission, oorresponding to 



DIFPEKENT TRANSPARENT BoDIES. 



Names of Media. 



Cliromate of 
Diamond 
Sulphur . 
Zircon . . 
Garnet . 
Felspar . 
Sapphire 
Kuhy . . 
Topaz . . 
Flint-glass 
Crown-glass 
Quartz. . . 
Alum . . . 
"Water . . . 



lead 



Index of 
Refraction. 

. 2-926 
2-470 
2-040 
2-01-5 
1-815 
1-812 
1-768 
1-779 
1-610 
1-600 
1-530 
1-548 
1-457 
1-336 



Limit of 
Transmission. 

19 69 

23 53 

29 21 

29 45 

33 26 

33 30 

34 27 
34 12 
38 24 
38 41 
40 43 
40 13 
43 21 
48 28 



By this table it appears that the limit of possible 
transmission increases as the index of refraction or 
refracting power diminishes. In the diamond, with an 
index of refraction of 2*470, we find the angular limit 
of possible transmission to be 23 degree's 53 minutes ; 
whilst in water, with an index of refraction of 1-336, 
the angular limit of possible transmission is 48 degrees 
28 minutes. 

Refraction through several Parallel Media. — If parallel 
rays, after passing through a succession of media 
bounded by parallel surfaces, be incident upon the 
surface of a less refracting medium at an angle greater 
than the limit of transmission, they will be reflected, 
and, after reflection, wiU return through the several 
media, making angles with the other surfaces equal to 
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those whicli the rays made in passing through them, 
but on the other side of the perpendicular. 

For example, let a b (Fig. 8) be a ray of light re 
fracted successirely at the surfaces of the media m m' m", 

in the directions b c, c d, and 

D E, and let it be supposed 
that the medium m'" having 
a less refracting power than 
the medium m", the ray d b 
is incident upon its surface 
at an angle greater than the 
angle of transmission. This ray wUl consequently be re- 
flected in the direction e d', making an angle with a per- 
pendicular at the point E equal to that which D E makes 
with it. The rays E d and e d' being equally inclined 
to the surface separating the media m" and m', the ray 
E d' will be refracted by the medium m' in the direction 
d' c', inclined at the same angle as d c to the surface 
D d', but on the other side of the perpendicular e f ; 
and in the same way, in passing through the medium 
M, it win take a direction c' b' inclined to the surface 
c o' at the same angle as the ray c b is inclined to it, 
and finally will issue from the medium m in the direc- 
tion b' a, inclined to the surface b b' at the same angle 
as the incident ray ab is inclined to that surface. 
Therefore, if an eye were placed at a', it would see the 
object from which the ray a b proceeds in the direc- 
tion A b'. 

Several atmospheric phenomena of , a wonderful cha- 
racter, such as mirage, fatamorgana, &c., may be ex- 
plained by the principle above illustrated. 

Refraction of Light through Curved Surfaces. — Hitherto 
we have only spoken of the refraction of light by plane 
surfaces, yet nearly all the refractions we have to con- 
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aider in optics take place at spherical or otlier ciirved 
surfaces. This circumstance, howeyer, does not add 
any difficulty to the subject, for the refraction that 
takes place at a curved surface of any kind is precisely 
the same as at a plane surface which touches the curve 
at the point on which the ray falls. The surface of a 
lake perfectly still is a curved surface of the same 
radius as the earth, or about 4,000 miles, yet no skill 
could discover this curvature, or prove its existence in 
a square foot of the lake, although this square foot is 
larger in relation to the radius of the earth than the 
superficial space occupied by a ray of light is in rela- 
tion to the radius of a common lens. It has been 
demonstrated by mathematicians that a line or plane 
touching a curve at any point may be regarded as 
coinciding with an infinitely small part of the curve ; 
so that when a ray of light a b (Fig. 9) falls upon a 
curved refracting surface at b, its angle of incidence 
must be considered as abd, the 
angle formed by the ray ab with 
the line dc passing to the centre, 
and perpendicular to the line tn, 
which touches, or is a tangent to, 
the curved surface at b. In small 
spherical surfaces, such as those of ^'^' ^• 

lenses generally are, the tangent t n is perpendicular to 
the radius c b of the surface. Hence in spherical sur- 
faces the consideration of the tangent is not necessary ; 
because the line c d drawn from the centre c, through 
the point of incidence b, is the perpendicular from 
which the angle of incidence is to be reckoned. 

Hefraction of Light through Spheres. — Let a ray of 
light A c (Fig. 10) fall upon a sphere of glass m n, at 
the point c, and parallel to ghoi, the axis of the 
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sphere. Through c draw o c u, which is perpendicular 
to the surface of the sphere m n at c. By the same 
process which has heen already explained for the prism 
(Fig. 4, p. 20), find the direction of the refracted ray 
cc', and then find the direction of the refracted ray 
c' F, by the same process as before. Another ray b e, 

M 
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parallel to A c, and falling on the sphere at E, as far 
from G H o I, the axis of the sphere, as c is, will evidently 
be refracted to f, because the circumstances of the two 
rays are precisely the same. The point f where these 
rays meet is called the focus of parallel rays. 

If by the preceding method we determine the focus 
F, upon the supposition that the sphere is tabasheer, 
water, glass, and zircon, respectively, we shall, by 
measuring if, the distance of the focus behind the 
sphere, obtain the following results, the radius o c of 
the sphere being one inch. 

Index of Distance I r of the focus 

Refraction. from the sphere. 

ft. in.j 

Tabasheer l-lll 4 

Water .... .... 1-336 ... 1 

Glass 1-500 . . . . OJ 

Zircon 2-000 

When the index of refraction is greater than 2-000, 
as in diamond and many other substances, the ray of 
light c o' will cross the axis at a point somewhere be- 
tween o and I, under which circumstance the ray will 



OPTICS. 29 

suffer total reflexion at c', towards another part of the 
sphere, where it will be again reflected, being conveyed 
round the circumference of the sphere, without being 
able to make its escape till it is finally lost by absorp- 
tion. As this holds true of every section of a sphere, 
aU. rays, such as c c', incident upon it in a circle equi- 
distant from the axis g h o i will undergo similar 
reflexions. 

Rule for finding the Focus f of a Sphere. — Divide the 
index of refraction by twice its excess above 1, and 
the quotient is the distance o f, which in glass is I5 
times the length of the radius of the sphere. 

If diverging rays fall upon the poiats c e of the 
sphere, it is clear, from the inspection of the figure, 
that their focus will be on some point of the axis 
G H o I farther from the sphere than r, the distance of 
their focus increasing as the radiant point from which 
they diverge approaches to the sphere. When the 
radiant point is as far before the sphere as r is behind 
it, the rays will then be refracted in parallel directions, 
and the focus will be infinitely distant. If we suppose 
the rays r c, f k to diverge from f, then they will issue 
after refraction in the parallel directions c a, e b. 

If converging rays fall upon the points c e, it is 
equally evident that their focus will be at some point of 
the axis nearer the sphere than f ; and their con- 
vergency may be so great that their focus may fall 
within the sphere. All these truths may be deeply 
impressed on the mind, by tracing rays of various 
degrees of divergency and convergency through the 
sphere, by the methods so fully explained in the case of 
the refraction through a prism. 

Refraction through Convex Lenses. — Eays of light are 
refracted through a convex lens in the same manner as 



30 



OPTICS. 



through a sphere, and the course of the refracted rays 
may be found by the method already described for a 
prism and a sphere. Let L l (Fig. 11) be a double con- 
vex lens, whose axis is r c/, and c its middle point, 
then parallel rays, such as R L, R L, r c, will be refracted 




by the two surfaces as to meet at /, which is called 
the principal focus of the lens. It will also be found 
that parallel rays, r' l, r' c, r' l, and r" l, r" c, r"l, falling 
obliquely on the lens, will have their foci at /' and/", 
at the same distance behind the lens. The oblique 
rays R' c, r" c, which pass through the middle (c) of 
the lens, will undergo refraction at each surface, but as 
the two refractions are equal and in opposite directions, 
the finally refracted rays c/', c/" will be parallel to 
r' c, k" c respectively. Therefore, in considering the 
oblique rays, such as r' i,, r" l, we may regard the lines 
r'/, r'/, passing the middle of the lens, as the direc- 
tions of the rays corresponding to r c, r" c. The dis- 
tance c/is called the focal distance of the lens, and 
may be found by the following rule, when the thick- 
ness of the lens is so small that it may be neglected. 

Rule for finding the Principal Focus, or the Focus of 
Parallel Rays, for a Glass Lens unequally Convex. — Mul- 
tiply the radius of one surface by the radius of the other, 
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and divide twice the product by the sum of the same 
radii. 

When the lens is equally convex, the focal distance 
will be equal to the radius. 

Rule for finding the Principal Focus of a Plano-convex 
Lens (as e, Fig. 3) of Glass. — When the convex side 
is exposed to parallel rays, the focal distance wUl 
be equal to twice the radius of its convex surface, 
diminished by two-thirds of the thickness of the lens. 

When parallel rays fall upon the plane side, the 
focal distance will be equal to twice the radius. 

Converging Rays. — When converging rays, or rays 
■which proceed to one point, such as kl, rl (Fig. 12), 
are intercepted by, or fall upon, a convex lens l l, they 
will be refracted so as to converge to a point or focus 
/, nearer the lens than its principal focus o. As the 
point of convergence f recedes from the lens, the point 




Fig. 12. 

/ also recedes from it towards o, beyond which it never 
goes ; and as f approaches the lens, / also approaches 
to it. The points f and / are called conjugate foci, 
because the place of one varies with the place of the 
other, and, though every lens has but one principal 
focus, yet its conjugate foci are innumerable. 

Rule for finding the Focus of Converging Rays when the 
Lens is unequally Convex. — Multiply twice the product of 
the radii of the two surfaces of the lens by the distance 
F c of the point of convergence, for a dividend, Mul- 
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tiply the sum of the two radii by the same distance 
F c, and to this product add twice the product of the 
radii, for a divisor. Divide the dividend by the divisor, 
and the quotient will be the focal distance, c/, required. 

If the lens is equally convex, multiply the distance 
F c by the radius of the surface, and divide that product 
by the sum of the same distance and the radius, and 
the quotient will be the focal length, / c, required. 

Rule for finding the Focus of Converging Rays when the 
Lens is Plano-convex. — Divide twice the product of the 
distance r c, multiplied by the radius, by the sum of 
that distance and twice the radius, and the quotient 
will be the focal distance, / c, required. 

Diverging Rays. — When diverging rays, or rays which 
proceed from one point, such as f (Fig. 13), fall upon 
a convex lens L L, whose principal focus is o, the refrac- 




tion of the lens will cause them to converge to a tocus 
f, beyond o. As the point f recedes from the lens, the 
focus / will approach to it, and when f is infinitely 
distant, or when the rays are parallel, / will coincide 
with 0. If F approaches to o, the focus / will recede 
from ; and when f coincides with o, f will be infi- 
nitely distant, or the refracted rays will be parallel. 
When F is between o and c, the refracted rays will 
diverge. The points f and / are called conjugate foci, 
as in the case of converging rays. 

Rule for finding the Focus of an unequally Convex Lens 
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for Diverging Rays. — Multiply twice the product of the 
radii of the two surfaces of the lens by the distance, 
r c, of the point of divergence, for a dividend. Mul- 
tiply the sum of the two radii by the same distance, f c, 
and from this product subtract twice the product of the 
radii, for a divisor. Divide the dividend by the divisor, 
and the quotient will be the focal distance, c/, required. 

Rjile if the Lens is equally Convex. — Multiply the dis- 
tance of the point of divergence from the lens by the 
radius of the surfaces, and divide the product by the 
difference between the same distance and the radius, 
and the quotient will be the focal distance, c/, required. 

Rule when the Lens is Piano- Convex. — Divide twice the 
product of the distance of the point of divergence, mul- 
tipKed by the radius, by the difference between that 
distance and twice the radius, and the quotient will be 
the focal distance required. 

Refraction of Light through Concave Lenses. — Light is 

refracted through concave lenses iu the same manner as 

through prisms, and the direction of the refracted rays 

may, in all cases, be found by the method already 

• described for the prism. (See Fig. 4.) 

Parallel Rays. — Let l l (Fig. 14) be a doubly concave 
lens, and r l, k l parallel 
rays incident upon it ; the 
rays will diverge after refrac- 
tion in the directions l r, l r, 
as if they proceeded from a 
point, F, which is the principal 
focus; or, as it is sometimes 
called in such a case as the ^* "' 

present, the virtual focus. 

The rule for finding f is the same as for the convex 
lens. 
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Converging Rays. — When converging rays proceeding 
to a point f (Fig. 15), beyond the principal focus, o, of 
a concave lens, fall upon it, they will be made to diverge 




Fig. 16.' 

in lines l r, l r, as if they proceeded from a focus /, in 
front of the lens beyond o. When r coincides •with o, 
the refracted rays will be para,llel ; and when the point 
r is nearer the lens than o, the refracted rays will 
converge to a focus on the same side of the lens as r, 
but on "the other side of o. The foci r and/ are called 
conjugate foci, and when the position of either of them 
is given, the position of the other may be found by 
the rule for converging rays falling on a convex lens 
(Fig. 12). 

Diverging Rays. — When diverging rays f l, r l (Fig. 
16), radiating from a point r without the focus o, fall 

upon a concave lens l l, 
they will diverge in di- 
rections L r, L r, as if they 
radiated from a point /, 
between o and c ; and as r 
approaches to c, / will also 
approach to it; and the 
distances f c, / c' will be 
found when either of them is given, by the same rule 
as for diverging rays falling upon a convex lens. (See 
Fig. 13.) 
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Refraction of Light through a Meniscus, and Concavo- 
convex Lenses. — The effect of a meniscus in refracting 
light is the same as a convex lens of the same focal 
distance ; and that of a concaTO-convex lens is the same 
as that of a convex lens of the same focal distance. 

Rule for a Meniscus with Parallel Rays. — Divide twice 
the product of the two radii by their difference, and the 
quotient will be the focal distance required. 

Rule for a Meniscus with Converging Rays. — Multiply- 
twice the distance of the radiant point by the product 
of the two radii for a dividend. Multiply the difference 
between the two radii by the same distance of the radi- 
ant point, and to this product add twice the product of 
the radii for a divisor. Divide the above dividend by 
the divisor, and the quotient will be the focal distance 
reqidred. 

The same rule applies to diverging rays. 

Both the foregoing rules apply to concavo-convex 
lenses ; but the focus is a virtual one in front of the 
lens. 

The reader would find it a great advantage to demon- 
strate to himself the truth of the preceding rules and 
observations by actually projecting or plotting the rays 
and lenses in large diagrams, and determining the 
course of the rays after refraction by the method shown 
in Figs. 4 and 10. He wiU thereby obtain a knowledge 
of the progress of light through refracting surfaces, 
which wiU very much facilitate the study of the follow- 
ing chapters. 
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CHAPTER IV. 




FORMATION OF IMAGES BY LENSES. 

If (Fig. 17) be a small hole in the front of a box a b 
m n, and m n an object before it, the rays from the end 
M will pass straight through the hole c, and illuminate 
the point m of the back of the box with their own 

colour ; the rays from n will 
do the same at n ; and all 
other points of m n will 
in like manner throw their 
rays on points directly oppo- 
site them between m and n. 
The smaller the aperture o is made, the more distinct 
will be the picture, m n, of the object m n ; but the pic- 
ture will be faint, as the hole c admits but a small 
number of the rays which emanate from every point of 
the object m n. If we enlarge the hole c, and substi- 
tute a lens l L, as in Fig. 18, having l n for the focal 

distance suited to the dis- 
tance of the object m n, 
we shall have an image 
or picture, n m, every way 
similar to that formed by 
the hole, but brighter and 
more distinct. Since all 
the rays that flow from m, 
such as M L, M L, and faU upon the lens l l, will be refracted 
to a focus at m, and all the rays from n to a focus at 
n, they will there paint a distinct picture of the points 
from which they come, and in like manner pictures of 
all intermediate points between m and n will be painted 
between m and n. 
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It is evident from Fig. 18 that the picture or image, 
m n, formed by a convex lens must be inverted, for it 
is impossible that rays from the upper end m of the 
object can be refracted to the upper end of the image at n. 

The length of the image formed by a convex lens is 
to the length of the object as the distance of the image 
is to the distance of the object from the lens. 

The relative positions of the object and image when 
the object is placed at various distances from the lens 
are exactly the same as the conjugate foci of diverging 
rays, as shown in Fig. 13, so that we can form an 
image of an object at any distance behind the lens we 
please, greater than its principal focus, and so make 
this image as large as we please, and in any proportion 
to the object. If we wish to have the image large we 
must bring the object near the lens, and if we wish ' 
to have it small we must remove the object farther from 
the lens ; and these effects we can vary still more by 
using lenses of different focal distances. 

The brightness of the image may be increased by in- 
creasing the size of the lens or the area of its surface. 
If a lens has a superficial area of 8 square inches, it 
will intercept twice as many rays proceeding from every 
point of an object as if its area were only 4 square 
inches, so that when it is impracticable to increase the 
brightness of the object by illuminating it, we may in- 
crease the brightness of the image by usiag a larger 
lens. There are, however, certain objections to the use 
of large lenses for photographic purposes, which are 
fully explained in a future chapter. 

Hitherto we have supposed the image m n tohe re- 
ceived on a smooth and white surface of paper, or other 
material, on which a picture of it is distinctly formed ; 
but if we receive it upon ground glass, or upon a plate 
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of glass one of whose sides is coated with a dry film of 
skimmed milk, and if we place our eye 8 or 10 inches 
behind this semi-transparent ground interposed at m n, 
we shall see the inverted image, m n, as distinctly as 
before. If we keep the eye in this position, and remoTe 
the semi-transparent ground, we shall see an image in 
the air distinctly, and brighter than before. The cause 
of this wiU. be readily understood when we consider that 
all the rays which form by their convergence the points 
m n of the image m n, cross one another at m n, and 
diverge from these points in the same manner as they 
would do from a real object of the same size and bright- 
ness placed at m n. The image m n may therefore be 
regarded as a new object ; and by placing another lens 
behind it, another image of the image m n would be 
formed, exactly of the same size and in the same posi- 
tion as it would have been had m n been a real object. 
But since this secondary image o{ mn must be inverted 
as regards the first image, it will be erect in regard to 
the object m n, so that by using one or more lenses we 
can obtain inverted or direct images of any object at 
pleasure. 

In order to explain how lenses increase or magnify 
objects, and make them appear as if they were brought 
nearer to us, the reader must understand what is meant 
by the apparent magnitude of objects. If an eye placed 
at E looks at a man, a b (Fig. 19), placed at a dis- 
tance, his general outline only will be seen, and neither 
his age, nor features^ nor his dress will be distinguished. 
When he is brought gradually nearer to us we discover 
the separate parts of his dress, till, at the distance of a 
few yards, we perceive his features ; and when he is 
brought still nearer we can observe the finest lines in 
his skin. At the distance e b the man is seen under 
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the angle 6 e a, and at the distance e b he is seen under 
the greater angle b e a or 6 e a', and his apparent mag- 
nitudes, a b, a' b, are measured in those different posi- 




tions by the angles 6 e a, b e a, or 6 e a'. The apparent 
magnitude of the smallest object may therefore be equal 
to the apparent magnitude of the greatest. 

Let us now suppose the man a 6 to be placed at the 
distance of 100 feet from the eye at e, and that we 
place a convex glass of 25 feet focal distance half-way 
between the man a b and the eye, that is, 50 feet from 
each, then an inverted image of the man will be formed 
50 feet behind the lens, and of the same size as the 
man, say 6 feet high. If this image is looked .at by the 
eye placed 6 or 8 inches behind it, it wUl be seen quite 
distinct, and nearly as well as if the man had been 
brought from the distance of 100 feet to the distance of 
8 inches from the eye, at which the details of his per- 
sonal appearance can be exaimiaed. 'Now, in this case 
the man, though not actually magnified, has been appa- 
rently magnified, because his apparent magnitude has 
been increased ia the proportion of 8 inches to 100 feet, 
or 150 times. 

But if instead of a lens of 25 feet focal length we 
make use of a lens of a shorter focus, and place it in 
such a position between the eye and the man that its 
conjugate foci may be at the distance of 20 feet, and 80 
feet from the lens, that is, that the man is 20 feet before 
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the lens, and the image 80 feet behind it, then the size 
of the image is four times that of the object, and the 
eye placed 8 inches behind this magnified image will 
see it with great distinctness. In this case the image 
is magnified 4 times directly by the lens, and 150 times 
by being brought 150 times nearer the eye, so that its 
apparent magnitude will be 600 times larger than before. 

If we use a lens of a still smaller focal length, and place 
it in such a position between the eye and the man that its 
conjugate foci may be a tthe distance of 75 feet, and 25 
feet from the lens, that is, that the man is 75 feet before 
the lens, and his image 25 feet behind it, then the size 
of the image will be only one-third of the size of the 
man ; but though the image is thus diminished three 
times in size, yet its apparent magnitude is increased 
150 times by being brought within 8 inches of the eye, 
so that it is still magnified, or its apparent magnitude 
is increased -f, or 50 times. 

At distances less than the preceding, where the focal 
length of the lens forms a considerable part of the 
whole distance, the rule for finding the magnifying 
power of a lens, when the eye views the image which 
it forms at the distance of say 6 inches, is as follows : — 

Mule for finding the Magnifying Power of a Lens, — 
From the distance between the image and the object in 
feet subtract the focal distance of the lens ia feet, and 
divide the remainder by the same focal distance. By 
this quotient divide twice the distance of the object in 
feet, and the new quotient will be the magnifying 
power, or the number of times that the apparent magni- 
tude of the object is increased. 

"When the focal length of the lens is quite inconsider- 
able, compared with the distance of the object, as it 
generally is, the rule becomes this : — Divide the focal 
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length of the lens by the distance at which the eye 
looks at the image ; or, as the eye will generally look 
at it at the distance of 6 inches, in order to see it most 
distinctly, divide the focal length by 6 inches ; or, what 
is the same thing, double the focal length in feet, and 
the result will be the magnifying power. 

Here we have the leading principle involved in the 
construction of the various kinds of telescopes, which 
will be more fully described in a future chapter. 

Distortion of Images. — The pictures or images of 
objects produced by a lens are generally more or less 
distorted. If the object be a flat surface placed at 
right angles to the axis of the lens, that point of it 
which is in the axis will be nearer to the centre of the 
lens than any other point of it; and all other parts of 
the surfiace of the object will be so much the more 
distant from the centre of the lens as they are more 
distant from the point at which the axis meets the surface. 

It has been already shown (Fig. 18) that the more 
distant an object is from the lens, the nearer to the lens 
will be its image ; it follows, therefore, that in the case 
here supposed the images of those parts of the object 
which are farther from the axis of the lens will be 
nearer to the lens than are the images of those points 
of the object which are nearer to the axis of the lens. 

It is evident from this, that when the object is fiat 
its image must necessarily be curved, having its con- 
cavity towards the lens. But if the object, instead of 
being flat or straight, be curved, having its convexity 
towards the lens, then its image will be still more curved, 
since the extreme points will be relatively brought 
closer to the lens, so that the concavity of the one pre- 
sented to the lens will be greater than the convexity of 
the other. 
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It will be understood, therefore, that when a real 
image of an object is formed by a convex, or by any 
equivalent converging lens, such image differs from the 
object, inasmuch as if the object be straight or flat, or 
if it be convex, the image will be concave towards the 
lens ; and if the object be concave towards the lens, 
its image will be less concave, straight, or convex, ac- 
cording to the degree of curvature of the object. The 
curvature of the image, in photographic phraseology, 
is called the curvature of the field. 

The curvature of the image is slightly afiected by 
the thickness of the lens. The amount of distortion 
produced by this cause is called the aberration of thick- 
ness. Another species of distortion arises from the 
position of the lens with respect to the points situated 
obliquely to its axis ; the two meridians of the lens, 
one vertical, the other horizontal, having different focal 
lengths. This distortion, or aberration, has been called 
astigmation. 



CHAPTER V. 

ON THE REFLEXION OF LIGHT. 

That branch of optics which treats of the progress 
of rays of light after they are reflected from plane 
and curved surfaces, and of the formation of images 
from objects placed before such surfaces, is called cat- 
optrics, from two Greek words, one of which signifies 
from or against, and the other to see, because objects are 
seen by light reflected from bodies. 

When rays of light fall on the surface of an opaque 
body, they are arrested in their progress, such surfaces 
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not being penetrable by tbem. A certain part of them, 
more or less according to tbe quality of the surface 
and the nature of the body, is absorbed, and the re- 
maining part is driven back into the medium from 
which the rays proceeded. This recoil of the rays from 
the surface on which they fall is called reflexion, and 
the light thus returning into the same medium from 
which it had come is said to be reflected. 

Any substance of a regular form employed for the 
purpose of reflecting light, or of forming images of 
objects, is called a speculum or mirror. The substances 
generally used are metal and glass, highly polished on 
the reflecting surface. The name of mirror or looking- 
glass is commonly given to reflectors that are made of 
glass ; and the glass is always coated with quicksilver 
on the back to make it reflect more light. The word 
speculum is applied to reflectors made of metal, or of 
alloys of metals, such as those made of silver, steel, or 
of grain tin mixed with copper. 

Specula or mirrors are either plane, like a looking- 
glass, which is perfectly flat ; concave, which is hollow, 
like the inside of a watch-glass; or convex, which is 
round, like the outside of a watch-glass. 

As the light which falls upon glass mirrors is inter- 
cepted by the glass before it is reflected from the quick- 
silvered surface, we shall suppose all our mirrors to be 
formed of polished metal, as they 
are in nearly all optical instru- 
ments. 

The Law of Reflexion. — ^When 
a ray of light, a b (Fig. 20), falls 
upon a plane speculum s m, at the 
point B, it will be reflected or 
driven back in a direction b c, which is as much in- 
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clined to d B, a line perpendicular to s m, as the ray 
A B was ; that is, the angle c b d is equal to a b d. 
The ray A B is called the incident ray, and b c the 
reflected ray, A b d the angle of incidence, and d b c the 
angle of reflexion ; and a plane passing through A b and 
B c, or the plane in which these two lines lie, is called 
the plane of incidence, or the plane of reflexion. 

When the speculum is concave, as s M (Fig. 21), then 
if c be the centre of the circle of 
which s M is a part, the incident ray 
A B, and the reflected ray b d, will 
form equal angles with the line b c, 
which is perpendicular to the small 
part of the speculum on which the 
ray falls at b. In this case also the 
angle of incidence a b c is equal to the angle of re- 
flexion B D. 

When the speculum is conTex, as s m (Fig. 22), if c 
be the centre of the circle of which 
s M forms a part, and c e a line drawn 
through B, then the angle of inci- 
dence ABE will be equal to the angle 
of reflexion d B E. 

These results may be proved ex- 
perimentally by admitting a ray of 
sunlight through a hole in the window- 
shutter, and making it to fall on the 
mirror s M in the direction A B, when 
it will be seen reflected in the direction 
B c (Fig. 20), and b d (Figs. 21 and 22). If the incident 
ray is made to approach the perpendicular, the reflected 
ray will also approach it, and when the incident ray falls 
perpendicularly, it will be reflected back perpendicularly. 
As these results are true under all circumstances, it 
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may be taken as a general law, that when light falls 
upon any polished surface, whether plane or curved, the 
angle of incidence is equal to the angle of reflexion. 

Reflexion of Light fromPkneMirrors. — When parallel 
rays fall upon a plane mirror they will continue parallel 
after reflexion. If a c, a' c (Fig. 23) are two parallel 
rays falling upon the plane 
mirror s m, they will be 
reflected into the parallel 
directions c b, c' b' ; since 
c D, c' d', are both perpen- 
dicular to s M, they are 
parallel; and because a c 
is parallel to a' c', and c d 
to c' d', the angle a c d is equal to a' c' d'. Hence b c d 
is equal to b' c' d', and c b parallel to c' b'. This prin- 
ciple may be easily proved experimentally. 

Reflexion of Diverging Rays. — When diverging raj's 
fall upon a plane mirror, they will have the same di- 
vergency after reflexion. 
If the rays a b, a c, .Ar* 
A D, diverging from a 
(Fig. 24), fall upon the 
plane mirror s At, draw 

BE, C F, D G, so as tO 

make the angle e b p 

equal A b p ; fop' equal 

A c p', and G D p" equal a d p" ; then by continuing the 

lines E B, F c, g d backwards, they will be found to 

meet at a', so that a' b, a' c, a' d are respectively equal 

to A B, A c, A D, and bad equal b a' d. 

Reflexion of Converging Rays. — When converging 
rays fall upon a plane mirror, they will have the 
same convergency after reflexion. This is manifest 




Fig. 24. 
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from Fig. 24, where the rays e b, f c, and g d may be 
considered to fall on the mirror s m, and would have 
met in a point at a', if the mirror had not intervened' 
Since the lines d a, c A, B A form angles with the per- 
pendiculars at D, 0, and B, equal to the incident angles 
respectively, they will be the reflected rays which will 
meet at a, in the same manner as they would have 
done at a', had there been no mirror to reflect them. 

Reflexion of Parallel Rays hy Concave and Convex 
Mirrors. — Let s m (Fig. 25) be a concave mirror, of 
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which R c E is the axis, or the line by a motion round 
which the section s M would generate a concave mirror. 
Let c be the centre of its concave surface s e m, and 
let parallel rays, k a, R E, E. B, fall upon it at the points 
A, E, B ; these rays will be reflected or made to converge 
to a focus/, half-way between c and e,* so that the 
principal focal distance E / is half the radius, c E, of 
the concave surface. The ray e e falling perpendicu- 
larly at E, will be reflected backwards in the same line 
E E, and will pass through/. In order to find the 
direction E A after reflexion, draw cap, which will be 
perpendicular to the spherical surface at a ; then since 

* Provided tlie reflector have not greater treadth than 5° or 6' 
on each side of its vertex, e. 
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R A c is the angle of incidence, make c a/ equal to it, 
and a/ will be the reflected ray ; in like manner find 
b/, the reflected ray for e b. 

By continuing all the lines in the figure to the other 
side of the mirror, the very same reasoning may be 
used to prove that when parallel rays, k' a, k' e, r' b, 
fall upon a convex mirror, the reflected rays, a r, e r, 
B r, will diverge as if they proceeded from/, which is 
called their virtual focus, and. which is the principal 
focus of parallel rays. 

Reflexion of Diverging Rays by Concave and Convex 
Mirrors. — Let s m (Fig. 26) be a concave mirror, whose 
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axis is c e, and centre c, and let o be its principal 
focus, or focus of parallel rays. Then if rays r a, re, 
R B, diverging from r, fall upon it, they will be re- 
flected to a focus / between o and c, so that r o is to 
o c as o c is to of; that is, the distance o/is equal to 
half the radius multiplied by itself and divided by the 
distance of the divergent point r from the point o. 
Then by adding o/to half the radius o e, we obtain 
/e, the conjugate focal length of the mirror for rays 
proceeding from R. This may be easily proved by 
projecting the reflected rays, and measxiring the dis- 
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tances on a scale of equal parts ; or it may be demon- 
strated geometrically in a very simple manner. 

Let A o be the reflected ray corresponding to tbe 
incident ray d a, parallel to the axis c E ; then since 
D A c is equal to c a o, and since b a c is equal to c a /, 
the remainder d A r is equal to the remainder o a/. 
But in the triangles a e, o, a/o, the angle a o/ is 
common, and arc equal to d A R, which is equal to 
/ A o ; therefore the triangles are similar, and r o is 
to o A as o A is to of ; but o a is equal to o c, conse- 
quently R o is to c as o c is to of. 

Hence, when one of the conjugate foci r approaches 
to c, the other focus / also approaches to c ; and when 
R coincides with c, / also coincides with it ; so that 
when rays diverge from the centre of a sphere or a 
spherical surface, and fall on the concave surface, they 
are all reflected back again to the same point from 
which they diverged. "When r passes c towards o, 
/ wiR then pass beyond c, and move farther ofl" as R 
approaches to o. When r coincides with o, / wiU be 
infinitely distant, or the reflected rays will be parallel. 
When R passes o towards e, the reflected rays will 
diverge like a d', and will have their virtual focus 
about/' behind the mirror; and as r approaches e, 
/' will also approach e. 

If the lines c a, c e, c b be continued behind the 
mirror in Fig. 26, and if we suppose s m the surface 
of a convex mirror, upon which rays r' a, r' e, and 
r' b fall, diverging from r', then it may be proved, by 
the same system of reasoning, that they will be re- 
flected in the directions a r, e r', b r, in lines which 
diverge from a virtual focus /", whose distance from 
o or e is found by the rule above given for concave 
lairrors. As r' recedes from the mirror,/" will ap- 
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proach to o, with which, it will coincide when r' is 
infinitely distant, and the rays become parallel. When 
b' approaches to e, /" also approaches to e. 

Reflexion of Converging Rays by Concave and Convex 
Mirrors. — It is manifest from Fig. 26 that aU rays 
such as d' a, which fall converging upon the concave 
mirror s M, will be reflected to a focus /" between 
o and E, and this focus will approach to e, as the point 
of convergence /' approaches to e. It may be shown 
by the same reasoning as for diverging rays, that /' o 
is to o c as c is to o /", /" being now between o 
and e. 

When converging rays r a, r b (Fig. 26) fall upon a 
convex mirror s m, as if they proceeded to some point 
f between o and e, they will be reflected to k', whose 
distance from o or e is found in the same manner as 
for diverging rays. From this it follows, and it may 
be proved also by projecting or plotting the rays, that 
when they converge to any point between o and c, they 
wUl be reflected as if they diverged from k beyond c. 
WTien they converge to c, they will be reflected in the 
same direction as if they came from c; and if they 
converge to a point beyond c, they will be reflected 
diverging as if they proceeded from some point between 
c and o. When they converge to o, they will be re- 
flected in parallel lines, or their focus wiU be infinitely 
distant ; and if they converge to a point/" between o 
and E, they'will be reflected to a real focus at r', which 
will approach to e as/" approaches to e, according to 
the law already given. 
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CHAPTER VI. 

rOKMATION OF IMAGES BY PLANE, CONCAVE, AND CONVEX 

MIRRORS REELECTING TELESCOPES REFLECTING 

MICROSCOPES. 

The principle of the formation of images by mirrors is 
the same as by lenses, and the place of the image may 
be found from the place of the object ; and the radius 
of the mirror, by finding the foci or points of con- 
vergence of the rays, from the rules in the preceding 
chapter. We will now explain the application of these- 
rules. 

Formation of Images, hy Plane Mirrors. — Let s m 
(Fig. 27) be the surface of a plane mirror, and l n any 

object placed before it ;. 
and let the eye of the 
observer be placed any- 
where before the mirror 
as at y 6. Of all the 
rays which proceed in 
every direction from the 
points L N of the object, 
and are reflected from 
the mirror, those which 
enter the eye are comparatively few in number, and 
must be reflected from portions a b, c d of the mirror 
so situated, with respect to the eye and the object, that 
the angles of incidence of the rays which fall on these 
portions must be equal to the angles of reflexion of 
those which enter the eye between f and g. The ray 
L a, for example, will be reflected in the direction a f, 
and the ray l b in the direction b g ; in like manner, 
the ray n c, n d will be reflected in the directions c r, 
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D G. Now the rays a r, b g, by which, the point l is 
seen, enter the eye f g as if they came from I, as far 
behind the mirror as l is before it, and the rays c f, 
D G enter the eye as if they came from a point n, as 
far behind the mirror as n is before it, — that is, e l is 
equal to e I, and h n to h w. Therefore, if we join / n, 
it will be of the same length as l n, and have the same 
position behind the mirror as the object has before it. If 
the eye f g is placed in any other position before the 
mirror, and if rays are drawn from l and n, which 
after reflexion enter the eye, it wiH be found that 
these, if continued backwards, will meet at the points 
I and n, and consequently, in every position of the 
eye the image will be seen in the same spot, and 
of the same size, at equal distances from the eye. If 
the object l n is a person looking into the mirror, he 
wiU see a perfect image of himself at I n, and hence 
we have an explanation of the properties of the looking- 
glass. 

Formation of Images by Convex Mirrors. — Let s m 
(Fig- 28) be a convex mirror, whose centre is c, and 
L N any object placed be- 
fore it; then, upon the 
same principles which 
have been explained for 
a plane mirror, it will be 
found that an image of it 
will be formed at / n, the 
points I n being ascer- 
tained by continuing back 
the reflected rays A f, b g 
tili they meet at I, and 
o H,- 1) I till they meet at '^' 

n. By joining the points l I and n n, and continuing 
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the lines till they meet, it will be found that they meet 
at the centre of the mirror c, whatever be the distance 
or the position of the object l n. The image I n is 
always less than the object ; and as it must always be 
contained between lines l c and n c, which meet at c, 
its length / n will be to that of the object l n as c w is to 
c N. When l n approaches to the mirror, I n will also 
approach to it ; and when L N touches the mirror, / n 
will also touch it, and become equal to L n. When l n 
recedes from the mirror, I n wiU become less and less, 
and recede from the mirror also ; and when i n is 
infinitely distant, I n will be at e, the virtual focus of 
parallel rays. Objects, therefore, are always seen 
diminished in a convex mirror, unless when they 
toueh it. 

Formation of Images hy Concave Mirrors. — Let s m 
(Fig. 29) be a concave mirror, and l n an objectplaced 
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at a considerable distance from it, and let c be the 
centre of the mirror, and p its principal focus ; then as 
the rays from L fall diverging on the mirror, they will 
be reflected to a focus at I, a little without its principal 
focus, and there form a representation of the point l ; 
in like manner the rays diverging from n will be re- 
flected to n, and there form a picture of N ; so that there 
will be an inverted image, / n, of the object formed a 
little without the principal focus f. This image seems 
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to be suspended in the air, and has a very curious ap- 
pearance when it is received on a thia blue smoke from 
a chafing-dish placed below l. As the object l n recedes 
from the mirror, the image I n approaches to f, with 
which it coincides when l n is infinitely distant, or the 
rays parallel. 

This is the principle of the reflecting telescope. If 
we conceive I n to be a small object, then the rays 
diverging from it will form an enlarged image of it at 
L M, which may be viewed by the eye, or, which is 
better, by a convex lens, in which case it constitutes a 
reflecting microscope. 

If the relative sizes of the object l n and its image 
/ « be measured, it will be found that in every case the 
size of the image is to the size of the object as the 
distance of the image from the mirror is to the distance 
of the object from it. 

If we consider the image / « as a new object, and 
place a small concave mirror, r s, behind it, so as to form 
an enlarged image of that image, the rays of which 
pass through a hole e in the large mirror s m, then 
this second or enlarged image may be viewed by the 
eye behind e, or magnified still more by a convex lens. 
In this case, the combination becomes the Grregorian 
reflecting telescope, called after its inventor, James 
Gregory. If we make the small mirror r s convex, 
and place it between r and I n, so as to intercept the 
rays before they actually meet their virtual foci / n, 
then an enlarged image of this virtual image will be 
formed somewhere about k, and may be magnified as 
before with a convex lens. In this case the arrange- 
ment forms the Cassegrainian reflecting telescope, after 
its inventor, M. Cassegrain. In these telescopes the 
magnifying power is determined in the same manner 
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as for convex lenses, or combinations of ttem ; tlie size 
of the image being always to tbe size of its object as 
the distance of the image from the mirror is to the 
distance of the object. 

When an object is placed nearer a concave mirror 
than its principal focus f, the rays will not have their 
focus in front of the mirror, but will diverge, as already 
shown, from conjugate foci behind the mirror, where 
they wUl form a correct representation of the object. 
The image is highly magnified when the object is near 
the focus, but it gradually diminishes as the object 
approaches the mirror, and it becomes equal to it when 
the object touches the mirror. 

Cylindrical Reflectors. — A cylindrical mirror or re- 
flector may be polished either on the concave or convex 
side. If a cylindrical mirror be placed vertically before 
an object, its effects upon the vertical dimensions wiU 
be the same as those of a plane looking-glass, and its 
effects upon the horizontal dimensions the same as those 
of a spherical mirror. If a cylindrical mirror be placed 
with its axis horizontal before a vertical object, it will 
have the same effect as a plane mirror on. the horizontal 
dimensions, and as a spherical mirror on the vertical 
dimensions. The horizontal dimensions will, therefore, 
be preserved in the image, while the vertical dimensions 
will be enlarged, diminished, or reversed, in the same 
manner as would be the case with a spherical mirror. 

Conical Reflectors or Mirrors. — A conical mirror, 
whether concave or convex, is circular in all sections 
made at right angles to its axis, and rectilineal in all 
sections made by planes' through its axis. It will, 
therefore, if placed, with its axis vertical, have the effect 
of an inclined-plane looking-glass on the vertical 
dimensions of an object, and will have the effect of a 
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spherical mirror on the horizontal dimensions ; but 
each horizontal section will be differently magnified or 
diminished, according to the position of each section 
with reference to the axis of the cone, since the circular 
section of the cone will diminish in approaching the 
axis, and increase in receding from it. An infinite 
variety ef amusing deceptions are thus produced, 



CHAPTER VII. 

ON SPHERICAL ABEKRATION IN LENSES AND MIRRORS. 

In treating of the refraction of rays at the spherical 
sarfaces of lenses, and the refleKion of rays at the 
ispherical surfaces of mirrors, we have generally supposed 
that all the rays meet exactly in the focus. This, how- 
ever, is not strictly true. The rules which have been 
given for dd;erminiag the foci of spherical lenses and 
mirrors are true only for rays not extending more than 
ten degrees on each side of the. axes. 

In order to understand the cause of spherical aberra- 
1;ion, let L L (Fig. 30) be a plano-convex lens one of 
whose surfaces is spherical, and let its plane surface 
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L m L be turned towards parallel rays r l, R l. Let 
ja' l', r' l' be rays very near the axis a f of the lens, and 
let F be their focus after refraction. Let e l, e l be 
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parallel rays incident at the margin of tlie lens, and it 
wiU. be found by projection that the corresponding re- 
fracted rays, l/, l/, will meet at a point /nearer the 
lens than r. Intermediate rays between R L and R j! 
will meet between /and F. Continue the rays i^fj'Lf 
till they meet a plane g h passing through r, and per- 
pendicular to the axis. The distance / F is called the 
longitudinal spherical aberration, and g h the lateral 
spherical aberration. In' a plano-convex lens like that 
in the figure, the longitudinal spherical aberration /f 
is no less than 4J times m n, .the thickness of the lens. 
It is quite clear that such a lens cannot form a distinct 
picture of any object ii; its focus r ; every object seen 
through such a lens, and every image formed by it, wiU be 
rendered confused and indistinct by spherical aberration. 
By actually projecting the refracted rays for lenses 
of different kinds, which we recommend to the reader, 
he will be able to verify the following results for glass 
lenses : — 

1. In a plano-convex lens, with its plane side turned 
to parallel rays as in Fig. 30, that is, to distant objects 
if it is to form an image behind it, or turned to the 
eye if it be used in magnifying a near object, the 
spherical aberration will be 4J times the thickness of 
the lens, or 4g times m n. 

2. In a plano-convex lens, with its convex side turned 
towards parallel rays, the aberration is only l-jY^th 
of its thickness. 

3. In a double convex lens, with equal convexities, 
the aberration is l-j-^'p-th of its thickness. 

4. In a double convex lens having its radii as 2 to 5, 
with its side whose radius is 5 turned towards parallel 
rays, the aberration will be the same as in a plano- 
convex lens, as in the first case ; and if the side whose 
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radius is 2 be turned to parallel rays, tlie aberration 
will be the same as in tbe second case. 

5. Tbe lens wbicb has the least spherical aberration 
is a double convex one, whose radii are as 1 to 6. 
When the face whose radius is 1 is turned towards parallel 
rays, the aberration is only l-j-X_th of its thickness ; but 
when the side with the radius 6 is turned towards parallel 
rays, the aberration is 3^^-^^-g-ths of its thickness. 

These results are equally true of plano-concave and 
double concave lenses. 

If we call the aberration of the preceding lens 1, Sir 

John Herschel has shown that the following are the 

aberrations of other lenses : — 

Best form, as ia Case 5 1-000 

Double convex or concave, with equal curvatures 1'667 

Plano-convex or concave, curved surface towards parallel rays I'OSl 

Plano-convex or concave, plane surface towards parallel rays . 4-200 

As the central parts of the lens l l (Fig. 30) re- 
fract the rays too little, and the marginal parts too 
much, it is evident that if the convexity be increased 
at n, and diminished gradually towards L, the spherical 
aberration would be removed. The ellipse and the 
hyperbola furnish us with curves of this kind, in which 
the curvature diminishes from n to l, and by which 
the spherical aberration may be entirely rem oved. There 
are, however, great practical difficulties to be overcome 
in the construction of lenses whose surfaces are elliptic 
or hyperbolaic. 

A meniscus with spherical surfaces has the property 
of refracting all converging rays to its focus, if its first 
surface be convex, provided the distance of the point of 
convergence or divergence from the centre of the first 
surface is to the radius of the first surface as the index 
of refraction is to unity. 

Sir John Herschel has shown that if two piano- 
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convex lenses be used, and so placed that their con- 
vexities shall he turned towards each other, the plane 
side of one being turned towards the object, and that 
of the other towards the eye, their combined aberration 
will be only 0'248, or a fourth of that of a single lens 
in its best form, provided that the focal length of one 
be 2-3 times that of the other. When this combination 
is used for the object-glass of a telescope, the lens of 
less curvature must be turned to the object, and when 
used as a microscope it must be turned towards the eye. 

If the two plano-convex lenses in this case have the 
same curvature, the spherical aberration will be 0'603 
of the thickness of a single lens in its best form. 

Sir John Herschel has also shown that the spherical 
aberration may be wholly effaced by combining a menis- 
cus with a double convex lens, the latter being turned 
to the eye when it is used as a microscope, and to the 
object when it is to be used for forming images, or as a 
burning-glass. 

The following are the radii and focal lengths of two 
combinations of these lenses, as computed by Sir John 
Herschel : — 

Focal length of tlie double convex lens 
Radius of its first or outer surface 
Radius of its second surface •• . 
Focal length of tlie meniscus . . 
Radius of its first surface . . . 
Radius of its second surface . . 
Focal length of the compound lens 

From what has been already explained, it appears 
that the spherical aberration is increased with the cur- 
vature of the lens and the shortness of its focal length. 
Hence it foUows that any contrivance by which a lens 
of a given focal length can be obtained with a less cur- 
vature will supply a means of diminishing the aberra- 



First 




Second 


combination. 


combination. 


-I- 10-000 . 


+ 10-000 


+ 5-833 . 


+ 5-833 


— 35-000 . 


— 35-000 


--17-829 . 


.. 


h 5-497 


-- 3-688 . 


. 


- 2-054 


-- 6-291 . 


- 


- 8-128 


-- 6-407 . 


- 


- 3-474 
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tion without diminisliing the power of tlie lens. But 
since the focal length of a lens is diminished as the 
index of refraction of the substance of which it consists 
is increasad, it follows that if two lenses of the same 
focal length be constructed of different materials, that 
of which the material has the greater refracting power 
will haye less convexity, and, therefore, less spherical 
aberration. 

Chromatic Aberration. — The image of an object a 
(Fig. SOffl), situated at a distance from a lens l, which 
is formed at its princi- 
pal focus F, is deficient 
in sharpness, because 
it is there surrounded 
by a rin g of violet light. 
At a point r, nearer rig. soa. 

the lens, the image is encircled by a red ring or aureola. 
This results from the fact that the object emits white 
light, which is composed of rays of different refrangi- 
bility. After refraction these rays are dispersed in 
different directions, and the violet rays being more 
refrangible than the red, have their focus at k, while 
the red rays have their focus at f. If we place a sen- 
sitised photographic surface at r, where the image ap- 
pears the clearest, we shall obtain but a confused image, 
but if we advance the photographic surface to b, the 
focus of the violet rays, the image will be sharper 
and more distinct. This arises from the less refrangible 
rays having little or no influence on the various salts of 
silver ordinarily used for photographic surfaces, whilst 
the more refrangible rays, blue, indigo, and violet, are 
the most active. For this reason the bright focus of 
the lens at f, as judged of by the eye, is called the 
visual focus, whilst that determined by photographio 
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surfaces is called the chemical focus. These two foci in 
a photographic lens, or combination of lenses, should 
be coincident, else the lens, or combination of lenses, is 
said to have a chemical focus. 

Gem Lenses. — One of the most obvious expedients, 
therefore, to diminish the effects of aberration is to find 
transparent media suitable for lenses whose refracting 
power is greater than that of glass. Several trans- 
parent substances having this important property are 
found among the precious stones. The diamond par- 
ticularly has a greater refracting power than any known 
transparent body. This advantage induced scientific 
men to cause lenses to be made of diamond, sapphire, 
ruby, and other precious stones, and great hopes were 
entertained that vast improvements would result from 
their substitution for glass lenses. These hopes have, 
however, proved delusive, for, notwithstanding all that 
enterprise, skill, and perseverance could accomplish on 
the part of scientific men and practical opticians, the 
attempt has been abandoned on account of the hetero- 
geneous nature of the gems, their double refraction, and 
the imperfect transparency and colour of some of them, 
and also on account of their cost. 

Apkmatic Lenses. — Lenses, or combination lenses, 
which practically remove the effects of spherical aberra- 
tion are said to be aplanatic, from two Greek words 
which signify no straying. 

Objects Invisible to the Naked Eye rendered Visible. — 
Lenses and reflectors are capable of rendering objects 
visible which would be invisible to the naked eye, by 
increasing the quantity of light proceeding from them 
which enters the eye. The light which produces vision, 
as will be more fully explained in a future chapter, 
enters the eye through a circular aperture called the 
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pupil, which, is the black circular spot surrounded by a 
coloured ring appearing in the centre of the front of 
the eye. When the eye receives the rays diverging 
from a distant object the number of rays which enter 
the pupil will be those included within a cone whose 
apex is the luminous point, and whose base is the pupil. 
None of the rays which fall outside that cone can enter 
the eye or contribute in any way to produce vision. 
But if a convex lens be interposed so as to receive a 
large cone of rays, and if the lens be capable of con- 
verging these rays to a focus at a short distance beyond 
it, the eye placed at or very near the focus will receive 
all the rays into the pupil. Putting aside, therefore, 
all consideration of the magnifying power of the lens, 
it will have the effect of increasing the quantity of 
light received by the eye from each point of the object 
in the proportion of the superficial area of the lens to 
that of the pupil ; or what is the same, in the proportion 
of the square of the diameter of the lens to the square 
of the diameter of the pupil. 



CHAPTER YIII. 

ON CAUSTIC CUKVES FORMED BY REFLEXION AND 
REFRACTION. 

Caustics formed hy Reflexion. — It has been already 
shown that rays of light incident on different points 
of a concave mirror at different distances from its axis 
are reflected to different foci in that axis. The rays 
thus reflected must, it is evident, cross one another at 
particular points, and wherever the rays cross they will 
illuminate the white ground on which they are received 
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with, twice as much light as falls on other parts of the 
ground. These luminous intersections form curve lines, 
called caustic lines or caustic curves, and their nature 
and form will vary with the surface and inclination of 
the mirror, and the distance of tlie radiant point. 

Caustic curves have received a good deal of attention 
since they were first discovered by Tschirnhausen in the 
latter part of the seventeenth, century down to the 
present time. They have formed th.e suhject of mathe- 
matical investigation by M. de la Hire,. James and 
John Bernoulli, M. Bouguer, Dr. Priestley, Sir David 
Brewster, and other distinguished philosophers. 

Their mode of formation and general properties may 
be thus explained. Let a b d be a concave spherical 
mirror (Fig. 31) whose centre is c, and whose focus for 
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parallel and central rays is f. Let k a b be a diverging 
beam of light falling on the upper half, a b, of the mirror 
at the points 1, 2, 3, 4, 5, &c. If we draw lines to all 
these points from the centre c, and make the angles of 
reflexion equal the angles of incidence, we shall obtain 
the directions and foci of all the incident rays. The 
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ray r 1, near the axis r b, will liave its conjugate focus 
at /, between f and the centre c. The next ray, e. 2, 
will cut the axis near r, and go on with all the rest, the 
foci extending from c to r. By drawing all the reflected 
rays to these foci they will be found to intersect one 
another as in the figure, and form by their iatersectiona 
the caustic curve a/. If light had been incident on 
the lower half of the mirror a similar caustic, shown 
by a dotted line, would also have been formed between 
D and /. If we suppose the point of incidence to move 
from A to B, the conjugate focus of any two contiguous 
rays, or an infinitely slender pencil of light diverging 
from K, will move along the caustic from a to/. 

If we now suppose the convex surface a b d of the 
mirror to be polished, and the radiant point r to be 
placed as far to the right hand of b as it is now to the 
left, it will he found, by drawing the incident and re- 
flected rays, that they wHl diverge after reflexion, and 
that when continued backwards they will intersect 
one another, and form the imaginary caustic a/d, situ- 
ated behind the convex surface, and exactly similar to 
the real caustic. 

If we suppose the convex mirror A b d to be com- 
pleted round the same centre, c, as at a e Dy and the 
pencil of rays stiU to radiate from r, they will form the 
imaginary caustic a/' d, smaller than a/d, and uniting 
with it at the points a d. 

Let the radiant point r be now supposed to recede 
from the mirror, the line b /, which is called the tan- 
gent of the real caustic a/d, wiU diminish, because the 
conjugate focus/ will approach to f, and for the same 
reason the tangent e / of the imaginary caustic wiU 
increase. "When R becomes infinitely distant, or the 
incident rays parallel, the points //', called the cusps 
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of the caustic, will both coincide with f and f', the 
principal foci, and will have the same size and 
form. 

But if the radiant point e approaches to the mirror, 
the cusp/ of the real caustic will approach t« the centre 
c, and the tangent c/ will increase ; the cusp/' of the 
imaginary caustic will approach to E, and its tangent 
e/' will diminish ; and when the radiant point arrives 
at the circumference at e, the cusp/' will also arrive at 
E, and the imaginary caustic will disappear. At the 
same time, the cusp / of the real caustic will be a little 
to the right of c, and its two opposite summits wiU 
meet in the radiant point at e. 

If we suppose the radiant point k now to enter 
within the circle a b d e, so that the distance from e to 
c is less than k to e, a remarkable double caustic will be 
formed : this will consist of two short ones of the com- 
mon kind having their common cusp at / (Fig. 31), 
and of two long branches, which meet in a focus to the 
right of B. 

"With a white china bowl I have produced some 
curious caustics. If the bowl be held in the hand, 
and its conaave surface turned towards a candle a few 
feet distant, the caustics will be formed at the bottom 
of the bowl. By inclining the upper edge of the 
bowl a little from the candle, the cusps will cross each 
other and form a figure similar to that of 
Fig. 32. If the upper edge of the bowl be 
now inclined gradually towards the candle, 
the former caustic gradually disappears, and 
the caustic is formed on the opposite side of 
the bowl ; if the upper edge is stiU more 
i''g-s2. iiiclined towards the candle, a figure the re- 
verse of 32 is produced, like Fig. 33. Let the bowl 
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be now moved by the hand, so that the most distant 
point in the edge of the bowl from the candle 
will gradually more round, and the above 
caustics will be seen to move around the bot- 
tom of the bowl. 

I have also produced with a white wash- 
hand basin, 14 inches in diameter at the edge, 
and 4|- inches ia greatest depth, not only '®' 
very remarkable caustic curves, but some curious forms, 
some like ladies' fans, others like the wings of birds, 
and still more like the tails of fishes, such as the 
herring and mackerel. I will now describe the way I 
produced these forms. A lighted candle was placed on 
the chimney-piece ; about 2 feet from the candle, mea- 
sured horizontally, the basin was placed with its lower 
edge resting on the washstand, which was about 2 feet 
lower than the flame of the candle. The washstand 
was in a recess, and was partly in shadow. I turned 
the concave surface of the basin towards the candle, 
about -I" of the diameter of the basin being at the 
time ia the shadow, and the remaining \ in the light. 
Some of the forms that appeared on the bottom of the 
basin were like the figures 34 and 35. 

The means by which I formed these figures and 
several others are within the reach of every one in 
his own home. 

When I produced these figures, the upper part of 
the edge, or circumference of the basin, was inclined 
at an angle of about 45° from the perpendicular, and 
receding from the candle. 

Caustics formed by Refraction. — If a glass globe filled 
with water, a solid spherical lens, or a round decanter 
filled with water, be placed ia the light of the sun, 
lamp, or candle, and a sheet of white paper be laid flat 
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immediately behind the globe, lens, or decanter, we 
shall perceive on the paper a luminous figure bounded 
by two bright caustics, forming a sharp cusp or angle 




Fig. 34, 



Fig. 85. 



at the vertex of the refracted rays. The production 
of these curves depends upon the iatersection of rays 
incident on the sphere, lens, or decanter at different 
distances from the axis, and which are refracted to foci 
at different points of the axis, and therefore cross one 
another. If a plano-convex eyeglass or lens be held 
in this luminous figure so as to 
intercept the rays, a double caustic 
will be formed at or near the 
vertex of the figure, and will 
present an appearance similar to 
Pig. 36. In this figure, a b c is 
the part formed by the sphere or decanter, and doe 
is the double caustic formed by the plano-convex eye- 
glass or lens. 




Tig. 36. 
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CHAPTER IX. 



PHYSICAL OPTICS ANALYSIS OF LIGHT- 

SITION INTO COLOURS. 



-ITS DECOMPO- 



Solar Light Compound. — White light as emitted from 
the sun, or-from any luminous body, is, according to the 
investigations of Sir Isaac Newton, composed of seven 
different kinds of light, viz., red, orange, yellow, green, 
blue, indigo, and violet. These colours are rendered 
visible to the naked eye by refracting a beam of the 
sun's light through a prism of glass, and receiving the 
refracted rays on a white screen placed a few feet behind 
the prism. 

If a hole about half an inch in diameter is made in 
the window shutter, e f, of a darkened room, there will 
be, if the sun is shining, a bright circular spot, p, formed 
upon the floor, or on a screen placed to receive it. This 
circular spot of light is an image of the sun, as may be 
proved by looking through a piece of smoked glass 
along the path of the beam, when the sim will be 
distinctly seen through the hole. If in the path of the 
beam, s l, we interpose a prism of glass A b c (Fig. 37), 




Fig. 37. 



whose refracting angle is b a c, so that the beam of 
light may fall on its first surface c a, and emerge at the 
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same angle from its second surface b a, and if we re- 
ceive the refracted beam on a white screen w H i T, we 
should expect, from the principles already explained, 
that the white beam which fell upon p would suffer 
only a change in its direction, and fall somewhere upon 
the screen whit, forming there a round spot like to 
that at p. This, however, is not the case. Instead of a 
white spot, there will be formed on the screen an elon- 
gated image of the sun, containing seven colours visible 
to the naked eye, viz., red, orange, yellow, green, blue, 
indigo, and violet. This elongated image of the sun is 
called the solar spectrum, the prismatic spectrum, or it is 
sometimes called the Newtonian spectrum, since the 
first satisfactory examination of the sun-light by pris- 
matic decomposition was performed by Sir Isaac New- 
ton. The lowest portion of the spectrum is a brilliant 
red ; this red tones off gradually into orange, the orange 
into yellow, the yellow into green, the green into blue, 
the blue into indigo, and the indigo into violet. 

It is extremely difficult for the sharpest eye to mark 
the boundary of the different colours ; indeed, it is 
scarcely possible that any two persons should give the 
sam.e limits to any particular colour. Allowing the 
total length of the spectrum to be 360, the foUowirig 
are the lengths of the several colours as determined by 
Newton and Fraunhofer : — 





Newton. 


Fraunhofer. 


Eed . . 


. . . 45 . . 


... 56 


Orange . 


. . . 27 . . 


... 27 


Yellow . 


. 40 . . 


... 27 


Green 


. . . 60 . . 


... 46 


Blue . . 


. . . 60 . . 


... 48 


Indigo . 


.... 48 . . 


... 47 


Violet . 


. . . 80 . . 


. . .109 



Total length . .360 360 

The differences in the lengths of some of the colours 
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are very striking ; indeed, the lengtli occupied by each 
colour will depend upon the sort of glass, or other mate- 
rial, of which the prism is composed. 

In order to examine each colour separately, Sir Isaac 
ISTewton made a hole in the screen, whit (Fig. 37), 
opposite the centre of each coloured space, and allowed 
that particular colour to fall upon a second prism placed 
behind the hole. This light was not lengthened or 
elongated as before, and was not refracted into any 
other colours. Hence he concluded that the light of 
each different colour had the same index of refraction ; 
and he called such light simple or homogeneous, white 
Kght being regarded as heterogeneous or compound. Sir 
Isaac Newton also proved experimentally that all the 
seven colours, when again combined *and made to fall 
upon the same spot, formed, or recomposed, white light. 
This he established by various experiments. If the 
screen upon which the spectrum is received is brought 
nearer the prism, the rays begin to mix ; yet, even 
when brought close to the prism, the colours are evident. 
If another prism b a d, as shown by the dotted lines 
(Fig. 37), made of the same kind of glass, is placed with 
its angles in an opposite direction to the first prism, the 
coloured rays are again combined, and a white spot as 
before falls upon the floor. 

It has been just stated that Sir Isaac Newton con- 
cluded that the light of each different colour had the 
same index of refraction. This is true only for the 
mean ray of each colour, for the rays of each colour 
being themselves differently refractible, or, as the term 
is more generally used, differently refrangible, accord- 
ing as they fall on different parts of the coloured space, 
they will, strictly speaking, have different indices of 
refraction. 
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Sir John Herschel has shown that by looking at the 
spectrum with a cobalt-blue glass, we perceive a ray, 
called by him the " extreme red," of a crimson colour, 
below the ordinary red of the spectrum ; and by throw- 
ing the spectrum upon paper stained yellow by turmeric, 
a ray of high refrangibility becomes visible beyond the 
violet, which ray is of a peculiar neutral colour, and 
has been called a grey or lavender ray. Thus the number 
of colours in the spectrum is increased to nine. Pro- 
fessor Stokes has still further increased this number by 
the discovery of another colour beyond the lavender ray, 
which he has called the fluorescent ray, as it resembles 
the colour of some varieties of fluorspar ; so that the 
number of colours in the prismatic spectrum is, accord- 
ing to the researctes of these philosophers, further in- 
creased to ten. 

Decomposition of Light hy Absorption. — Sir David 
Brewster examined the nature of light by absorption; that 
is, by viewing the spectrum after the rays had been trans- 
mitted through differently- coloured substances or media, 
and he concludes that the solar spectrum consists of 
only three primary colours, viz., red, yellow, and blue. 

As this distinguished philosopher has contributed 
more to the science of optics by his discoveries and in- 
ventions than any other philosopher of recent times, 
I shall describe the manner by which he reduced the 
number of colours in the spectrum to three in nearly 
his own words. If we measure the quantity of light 
which is reflected from the surfaces and transmitted 
through the substance of transparent bodies. Sir David 
says, we shall find that the sum of these quantities is 
always less than the quantity of Hght which falls upon 
the body. Hence we may conclude that a certain por- 
tion of light is lost in passing through the most trans- 
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parent bodies. This loss arises from two causes. A 
part of the light is scattered in all directions by irregular 
reflexion from the imperfectly-polished surface of par- 
ticular media, or from the imperfect union of its parts ; 
while another, and generally a greater portion, is ab- 
sorbed, or stopped by the particles of the body. Coloured 
fluids, such as black and red inks, though equally homo- 
geneous, stop or absorb different kinds of rays, and 
when exposed to the sun they become heated in dif- 
ferent degrees ; while pure water seems to transmit all 
the rays equally, and scarcely receives any heat from 
the passing light of the sun. When we examine more 
minutely the action of coloured glasses and coloured 
fluids in absorbing light, many remarkable phenomena 
present themselves, which strikingly elucidate this 
curious subject. If we take a piece of blue glass, like 
that generally used for finger glasses, and transmit 
through it a beam of white light, the light will be a fine 
deep blue. This blue is not a simple homogeneous 
colour, like the blue or indigo of the spectrum, but is a 
mixture of all the colours of white light which the glass 
has not absorbed ; and the colours which the glass has 
absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form 
white light. In order to determine what these colours 
are, let us transmit through the blue glass the pris- 
matic spectrum (Fig. 37), or, what is the same thing, 
let the observer place his eye behind the prism b A c, 
and look through it at the sun, or rather at a circulai 
aperture made in the window shutter of a dark room ; 
he will then see through the prism the spectrum as far 
below the aperture as it was above the spot p when 
shown on the screen. Let the blue glass be now inter- 
posed between the eye and the prism, and a remarkable 
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spectrum will be seen, deficient in a certain number of 
its differently coloured rays. A particular thickness ab- 
sorbs the middle of the red space, the whole of the 
orange, a great part of the green, a considerable part 
of the blue, a little of the indigo, and very little of the 
violet. The yellow space, which has not been much 
absorbed, has increased in breadth. It occupies part of 
the space formerly covered by the orange on one side, 
and part of the space formerly covered by the green on 
the other. Hence it follows that the blue glass has 
absorbed the red light, which when mixed with the 
yellow light constitutes orange, and has absorbed also 
the blue light, which when mixed with the yellow con- 
stitutes the part of the green space next to the yellow. 
We have, therefore, by absorption, decomposed green 
light into yellow and blue, and orange light into yellois 
and red ; it consequently follows that the orange and 
green rays of the spectrum, though they cannot be 
decomposed by prismatic refraction, can be decomposed 
by absorption, and actually consist of two different 
colours possessing the same degree of refrangibility. 
Difference of colour is therefore not a test of difference of 
refrangibility, and the conclusion deduced by Newton is 
no longer admissible as a general truth, " That to the 
same degree of refrangibility ever belongs the same 
colour, and to the same colour ever belongs the same 
degree of refrangibility." 

With the view of obtaining a complete analysis of 
the spectrum, I have examined the spectra produced by 
various bodies, and the changes which they undergo by 
absorption, when viewed through various coloured 
media, and I find that the colour of every part of the 
spectrum may be changed, not only in intensity, but in 
colour, by the action of particular media ; and from 
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tlaese observations I conclude that the solar spectrum 
consists of three spectra of equal lengths, yiz., a red 
spectrum, a yellow spectrum, and a hlue spectrum. The 
primary red spectrum has its maximum of intensity 
about the middle of the red space in the solar spectrum, 
the primary yellow spectrum has its maximum in the 
middle of the yellow space, and the primary blue 
spectrum has its maximum between the blue and the 
indigo space. The two minima of each of the three 
primary spectra coincide at the two extremities of the 
solar spectrum. 

From this view of the constitution of the solar spec- 
trum we may draw the following conclusions : — 

1. Hed, yellow, and blue Kght exist at every point of 
the solar spectrum. 

2. As a certain portion of red, yellow, and bhie con- 
stitutes tchite light, the colour of every point of the 
spectrum may be considered as consisting of the pre- 
dominating colour at any point mixed with white light. 
In the red space there is more red than is necessary to 
make white light with the small portions of yellow and 
blue which exist there ; in the yellow space there is 
more yellow than is necessary to make white light with 
the red and blue ; and in the part of the blue space which 
appears violet there is more red than yellow, and hence 
the excess of red forms a violet with the blue. 

3. By absorbing the excess of any colour at any 
point of the spectrum, above what is necessary to form 
white light, we may actually cause white light to 
appear at that point, and this white light will possess 
the remarkable property of remaining white after any 
number of refractions, and of being decomposable only 
by absorption. Such a white light I have succeeded in 
developing in different parts of the spectrum. These 
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views harmonize in a remarkable manner witli the 
hypothesis of three colours, which has been adopted by 
many philosophers, and which others had rejected 
from its incompatibility with the phenomena of the 
spectrum. 

In opposition to the foregoing views of Sir David 
Brewster, Robert Hunt, Esq., F.R.S., states, in his 
" Eeaearches on Light," that M. Bernard, of Bordeaux, 
has shown : — 1st. That the intensity of the light has 
such influence on the sensation of colour, that it may 
not only modify the aspect of the entire spectrum, but 
certain tints may disappear altogether. 2nd. That the 
absorption produced by the action of media hitherto 
employed on the tints of the spectrum only afiects the 
intensity of the light, and does not influence the nature 
of the colours. And, 3rd. That far from destroying 
the bond which appears to exist between refrangibility 
and coloration, observations made with care tend to 
confirm the opposite opinion ; everything, indeed, leads 
to the belief that to each ray of a given refrangibility, 
and possessing a determined intensity, corresponds a 
colour susceptible of being reproduced identically under 
like circumstances. 

M. Helmholtz has recently subjected the spectrum to 
a searching analysis, Mr. Hunt further states, and the 
result is opposed to the views of Brewster, while they 
confirm those of Newton. M. Helmholtz is disposed to 
refer the phenomena observed by Brewster, when view- 
ing the spectrum through difierently-coloured media, 
to a diffusion of the light of the adjoining rays over 
the particular ray under examination ; and he supposes 
this to arise from extra refraction in the prism and in 
the transparent-coloured laminae employed, by dust, striae, 
and the like, produciag secondary images. Helmholtz 
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lias adopted the following arrangement, to make the 
experiment in such a manner as to avoid all influence 
of diffusion. A solar spectrum is produced in the usual 
way, by means of a prism, and a lens placed at a suit- 
able distance from a narrow slit admittiug the solar 
rays. The screen which receives the spectrum is itself 
perforated by a slit, which can b© adjusted at will to 
any colour; in this way is insulated a very slender 
luminous pencil of any of the rays under examination, 
which are rendered thus perfectly homogeneous. This 
pencil is received on a second prism, to which succeeds 
a lens; the group of homogeneous rays throws upon a 
suitably-adjusted screen a narrow image of the slit. It 
will be evident that by such an arrangement as this a 
pencil of light may be obtained which will be pure, 
the very trifling quantity of diffused light by which it 
may be accompanied being too feeble to be taken into 
account. The results obtained by this method support 
the Newtonian law of the strict relation of colour to 
the refracting angle. For example, pure yellow, seen 
through blue glass of any thickness whatsoever, always 
preserves its yellow tint, never passing into white. 

" Such is the state of the discussion," Mr. Hunt ob- 
serves, "as to the constitution of the spectrum. Whether 
the theory of the seven prismatic rays of Newton it 
to be adopted, or the three spectra of Brewster, it is 
evident it must imdergo much modification." 

I have performed many experiments with prisms 
during the last ten years, and am fully persuaded that 
Sir Isaac Newton, whose memory every true lover of 
science sincerely respects, was led unconsciously into 
mistakes by the mode of making his experiments. 

The experiments I have made not only reconcile the 
views of Sir Isaac Newton, Sir David Brewster, and 
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other modern philosophers, respecting the colours of 
the solar spectrum, but they go farther, and establish 
the doctrine of colours held by some of the ancient 
Greeks and Romans, namely, that colours are produced 
by intermixtures of light and shade. 

If, when in a room, we look through a prism, with 
its refracting angle downwards, at a window-sash, we 
shall find that two colours will appear under each 
horizontal sash-bar, and one colour at the upper side of 
the bar. The two colours under the bar are, red next 
the bar, and yellow below the red ; the colour at the 
upper side of the bar is hlue. If the refracting angle of 
the prism be reversed, the position of the colours will 
be reversed also ; that is, if the red and yellow be 
above the bar, the blue will be at the lower side of the 
bar. The same order of the colours will be observed 
in looking through a prism at a black line extending 
in a right and left direction on a sheet of white paper 
placed in a vertical, horizontal, or inclined positiout 
In short, at whatever object we look through the prism, 
provided the object presents any contrast of light and 
shade, the red, yellow, and blue colours will be seen, 
or these colours will be seen more or less intermixed 
or combined, according to the positions of the parts 
of the object presenting the light and shade. 

Now let us apply these simple facts to Sir Isaac's 
spectrum. The colours produced by the prism below 
the upper side of the hole or slit through which he 
admitted the light were red and yellow; the colour pro- 
duced above the lower side of the hole or slit was hlue ; 
these three colours being allowed to proceed at differ- 
ently refracted angles to a screen placed several feet 
from the prism, became more or less intermixed, and 
formed on the screen the seven colours of Sir Isaac's 
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spectrum. Indeed, on account of tlie small size of the 
liole — one-fourth inch in diameter — through which 
Sir Isaac admitted the light, the red, yellow, and blue 
colours must have intermixed before these colours left 
the second surface of the prism. 



CHAPTER X. 

ON THE DISPERSION OF LIGHT. 

In the prismatic spectrum formed by the prism a b c 
(Fig. 37), the green, which occupies the middle space, 
has been called the mean ray of the spectrum; the index 
of refraction which belongs to it is called the mean re- 
fractive power of the prism ; and the angle which the 
middle green ray forms with the line s p, the mean 
refraction of the prism. 

Sir Isaac I^ewton in his experiments made use of 
prisms of different substances, yet he never observed 
that they formed spectra whose lengths were different 
when the mean refraction of the green ray was the 
same. If a prism be made of glass plates, and filled with 
oil of cassia, and its refracting angle be so adjusted that 
the middle of the spectrum which it forms falls exactly 
on the middle green ray in the spectrum formed with 
the glass prism, then it will be found that the spectrum 
of the oil of cassia prism will be more than twice the 
length of that of the glass prism; the oil of cassia 
is therefore said to disperse the rays of light more than 
the glass, that is, to separate the extreme red and violet 
rays more from the mean green ray, and to have a 
greater dispersive power. 

In order to find a distinct measure of the dispersive 
power of a body, let us suppose that the prism a e c is • 
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filled with water, and that by the methods described in 

Chap. II. we find the index of refraction for the extreme 

violet ray to be 1"330, and that of the extreme red ray 

to be 1-342 ; then the difierence of these, or 0-012, 

would be a measure of the dispersive power of water, 

if it and all other bodies had the same mean refraction ; 

but this not being the case, the dispersive power must be 

measured by the relation between the separation of the 

extreme rays and the mean refraction, or between the 

indices of refraction for the extreme red and the 

extreme violet, and the difference between the sines of 

incidence and refraction, to which the mean refraction 

is always proportional. 

The difference between the indices of the red and 

violet rays in the diamond is 0-056, nearly five times 

greater than 0-012, which it is in water ; but the 

difference between the sines of incidence and refraction 

in the diamond is 1-439, nearly five times greater than 

0-336, which it is in water ; so that the real dispersive 

power of diamond is not much greater than that 

of water. The ratio of the dispersive powers is thus 

expressed : — 

^ ^ 1-342 — 1-330 0-012 

For water l-33fi ^ — °^ 0^336 ^^ 0-0357 dispersive power. 

^ ,. 2-467 — 2-411 0-056 

For diamond o-iSQ 1 — °' 1^439 ^^ 0-0388 dispersive power. 

In the following table the dispersive powers of various 
media are given as determined by Sir David Brewster. 
The first column contains the dispersive powers ; and 
the second, the difference of the indices of refraction for 
the red and violet rays, or the part of the whole re- 
fraction to which the dispersion is equal. Therefore if 
we add the half of the numbers in the last column to 
the index of refraction as given in page 13, we shall 
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have the index of refraction for the extreme Yiolet 
ray ; and if we subtract it, we shall have the index for 
the extreme red ray. By means of the second column 
in the table we may obtain the length of the spectra 
formed by prisms of any of the substances it contains, 
for any refracting angle, for any position of the prism, 
and for any distance of the screen upon which the 
spectrum is received. In doing this, however, it must 
be remembered, that the measures here given are suited 
to the ordinary daylight ; and that when the sun's 
image is used, and great care taken to screen the middle 
rays of the spectrum, the red and violet are found to 
extend to a greater distance from the mean ray. 



TABLE OP DISPERSIVE POWERS. 



Dispereive 
power. 

Chromate of lead (gr. refr. ext.) . 0-400 , 

„ „ (least refr.) . 0-262 , 

Realgar, melted 0-260 , 

Oil of cassia 0-139 . 

Sulphur, after fusion .... 0-130 . 

Phosphorus 0-128 , 

Sulphuret of caxhon 0-115 , 

Balsam of Tolu 0-103 , 

Balsam of Peru 0-093 . 

Barbadoes aloes 0-085 , 

Oil of bitter almonds .... 0-079 , 

Oil of anise seed 0-077 . 

Acetate of lead, melted .... 0-069 . 

Balsam of styrax 0-067 

Guaiaoum 0-0B6 

Oil of cumin 0-065 . 

Oil of tobacco 0-064 . 

Gum ammoniac 0063 . 

Oil of Barbadoes tar 0-062 . 

OU of cloves 0-062 . 

Sulphate of lead 0-060 . 

Oil of sassafras 0-060 . 

Muriate of antimony .... 0-050 . 

Rosin 0-067 . 

Oil of sweet fennel seed . . . 0-055 . 

Oil of spearmint 0054 . 

Rock salt 0-053 . 

Caoutchouc 0-062 . 



Difl. of index of refr. 
for extreme rays. 
. 0-770 
. 0-388 
. 0-384 
. 0-089 
, 0-149 
. 0-156 
, 0-077 
. 0-065 
. 0058 
. 0-068 
, 0-048 
, 0-044 
, 0040 
. 0-039 
, 0-041 
, 0-033 
, 0-035 
. 0-037 
, 0-032 
, 0-033 
, 0-066 

0-032 

0-036 

0-032 

0-028 

0-026 
, 0-029 

0-028 
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Oil of pimento . 
Flint glass . . 
Oil of angelica 
Oil of thyme . 
Oil of fenugreek 
Oil of caraway seed 
Giun thus . . 
Oil of juniper . 
Nitric acid . . 
Canada balsam 
Cajeput oil . . 
Oil of rhodium 
Oil of poppy . 
Zircon (gr. refr.) 
Muriatic acid . 
Grum copal . . 
Nut oil . . . 
Oil of turpentine 
Felspar . . . 
Balaam of capivi 
Amber . . . 
Calcareous spar (gr.) 
Oil of rapeseed 
Sulphate of iron 
Diamond 
Oil of olives 
Gum mastic 
Oil of rue 
Beryl 
Ether . 
Selenite . 
Alum. 
Castor oil 
Crown glass, green 
Gum arahic 
Water . . 
Citric acid . 
Glass of borax 
Garnet . . 
Chrysolite . 
Fluor spar . 
Crown glass 
Oil of wine . 
Glass of phosphorus 
Plate glass . 
Sulphuric acid 
Tartaric acid 
Nitre (least ref.) 
Borax 
Alcohol . 
Sulphate' of barytes 



UiBpersive 


Difl. of index of refr. 


power. 


for extreme rays. 


0-052 . 


. . 0-020 


0052 . 


. . 0-026 


0051 . 


. . 0-026 


0-060 . 


. . 0024 


0-050 . 


. . 0-024 


0-049 . 


. . 0-024 


0-048 . 


. . 0-028 


0-047 . 


. . 0-022 


0-045 . 


. . 0-019 


0-045 . 


. . 0-021 


0-044 . 


. . 0-021 


0-044 . 


. . 0-022 


0-044 . 


. . 0-220 


0-044 . 


. 0-045 


0-043 . 


. 0016 


0-043 . 


. 0-024 


0-043 . 


. 0-022 


0-042 . 


. 0-020 


0-042 . 


. 0-022 


0-041 . 


. 0-021 


0-041 . 


. 0-023 


0-040 . 


. 0-027 


0-040 . 


. 0019 


0-039 . 


. 0-019 


0-038 . 


. 0-056 


0-038 . 


. 0-018 • 


0-038 . 


. 0-022 


0-037 . 


. 0-016 


0-037 . 


. 0-022 


0-037 . 


. 0-012 


0-037 . 


. 0-020 


0-036 . 


. 0-017 


0-036 . . 


. 0-018 


0-036 . . 


. 0020 


0-036 . . 


. 0018 


0-036 . . 


. 0-012 


0-036 . . 


. 0-019 


0-034 . . 


. 0-018 


0034 . . 


. 0-018 


0-033 . . 


. 0-022 


0022 . . 


. 0-010 


0-033 . . 


. 0-018 


0-032 . . 


. 0-012 


0-031 . . 


. 0-017 


0-032 . . 


. 0-017 


0-031 . . 


. 0-014 


0-030 . . 


. 0-016 


0-030 . . 


. 0-009 


0-030 . . 


. 0-014 


0-029 . . 


. 0-011 


0-029 . , 


. 0-OU 



OPTICS. 



81 



Kook crystal , . . 

Tourmaline 

Emerald 

Borax glaas (1 tor. 2 silex) 
Blue sapphire .... 
Bluish topaz .... 
Chrysoberyl .... 

Blue topaz 

Sulphate of strontites . 
Prussic acid .... 
CryoUte 



Disperaive 
power, 

0-026 . 

0-028 . 

0026 . 

0-026 . 

0026 . 

0025 . 

0-026 . 

0024 . 

0-024 . 

0-027 . 

0022 . 



Diff. of index of refr. 

for extreme ruys. 

. 0014 

, 0019 

. 0015 

0014 

0021 

0016 

0-019 

0-016 

0015 

0008 

0-007 



It appears by the preceding table that different 
bodies possess very different powers of dispersing or of 
separating the coloured rays of light. 

If we form two spectra of equal lengths by two 
bodies of very different dispersive powers, such as oil of 
cassia and sulphuric acid enclosed in hollow glass 
prisms, we shall find a remarkable difference between 
them. Let a b (Fig. 38) ^ 

be a spectrum produced /""^ /'^ 

by a prism of oil of cassia, 
and c D a spectrum pro- 
duced by a prism of sul- 
phuric acid ; by care- 
fully examining these two 
prisms we shall find that 
the least 
colours, red, 
yellow, will 
spaces, or will be more "" rig. as. "" 

contracted in the oil of cassia spectrum than in the 
sulphuric acid one ; while the most refrangible colours, 
blue, indigo, and violet, will occupy larger spaces, or will 
be more expanded. Therefore the coloured spaces have 
not the same ratio to each other as the lengths of the 
spectrum ; hence this property is called the irrationality 
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of dispersion, or of the coloured spaces in the spectrum. 
This property is clearly shown in Fig. 38, by which 
it also appears that the mean ray, m n, is a,mong the 
blue rays in the oil of cassia spectrum, and among the 
green rays in the sulphuric acid spectrum. 

Thus it appears that although the indices of refrac- 
tion of the extreme rays for any two substances may 
be equal, the indices of refraction of each of the inter- 
mediate rays may be unequal, and the differently- 
coloured spaces in the two spectra may be also unequal. 

In the table opposite the indices of refraction corre- 
sponding to the mean rays of each of the seven principal 
dark lines in the spectrum are given for several media or 
substances, according to the experiments of Fraunhofer. 

By taking the difference between any two indices 
the dispersion proper to any two of the prismatic 
colours will be found, and by taking the difference 
between the extreme indices the total dispersion pro- 
duced by each medium will be found. For example, 
the index of the red ray produced by flint glass No. 13 
is 1 '627749, and the index of the blue ray produced by 
the same medium isl*648260; the difference, 0"020511, 
is the dispersion of the mean red and blue rays ; the index of 
the red ray for the same medium b^ng !• 627749, and the 
index for the violet ray being 1"671062, the difference 
is 0"043313, which is the total dispersion of the red and 
violet rays produced by flint glass No. 13. 



CHAPTER XI. 

ON THE PEINCII'LE OF ACHROMATIC TELESCOPES. 

The application of the principle of the dispersion of 
light, explained in Chapter X., to the improvement of 



84 OPTICS. 

tlie refracting telescope, forms one of the most in- 
teresting portions of optical science. Sir Isaac Newton 
concluded that it was impossible by the combination of 
lenses to produce refraction without colour, because he 
believed that all media, or substances, whether solid or 
fluid, had the same dispersive power, or produced the 
same length of spectrum in proportion to their mean 
refraction ; yet soon after the death of that eminent 
philosopher, it was accomplished by Mr. DoUond, who 
constructed excellent refracting telescopes without colour, 
or, as they are called, achromatic telescopes. 

If a convex lens is made of crown glass, whose index 
of refraction is 1'519, and dispersive power 0'036, and 
a concave lens of flint glass, whose index of refraction 
is 1-589, and dispersive power 0-0393, and if the focal 
length of the convex crown-glass lens is made 4-|- inches, 
and that of the concave flint-glass lens 7-| inches, they 
will form, when placed close together, a lens with a focal 
length of 10 inches, and will refract parallel rays of 
white light striking on the convex lens to a single focus 
nearly free of colour. The great point to be attained 
is to find two substances of difierent refractive and 
dispersive powers, and capable of producing spectra of 
equal length, and in which the coloured spaces are all 
equal. If such substances were found a perfect achro- 
matic lens would be produced ; but as no such substances 
have as yet been found, other means have been adopted 
\o remove the imperfection. 

Dr. Blair discovered that muriatic acid produced 
a spectrum in which the green rays were among the 
most refrangible. But as muriatic acid has too low a 
refractive and dispersive power to fit it for being used 
as a concave lens along with a convex lens of crown 
glass, he conceived the idea of increasing the refractive 




Fig. 3». 
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and dispersive power of the muriatic acid by mixing it 
witli metallic solutions, such as muriate of antimony ; 
and he found he could do this to the requisite extent 
without altering its law of dispersion, or the proportion 
of the coloured spaces in its spectrum. By enclosing 
muriate of antimony, l l, between two convex lenses of 
crown glass, as a b, c d (Fig. 39), he succeeded in 
refracting parallel rays, r a, k b, to a single focus f, 
without the least trace 

of colour. Through s 4 — 

telescopes made with 
lenses of this descrip- 
tion Professors Ex)bi- 
son and Playfair saw 
double stars with a dis- 
tinctness and degree of perfection which astonished them. 

In practice the materials which have been found 
most suitable for achromatic lenses are flint glass and 
crown glass, which differ considerably in both their 
refracting and dispersing powers. The refractiug and 
dispersing powers of these sorts of glass vary according 
to the proportions of their constituents, but they may 
be always rendered such as to fulfil the conditions 
necessary for an achromatic lens. 

The forms of the lenses shown in Fig. 40 are those 
of a double concave of flint glass, and a double 
convex of crown glass. It is, however, neither 
necessary nor expedient that these forms should 
be always adopted. The crown-glass lens maybe 
double convex, with unequal convexities, or it 
may be plano-convex, or even meniscus. The 
flint-glass lens may be in like manner double- ^ 
concave, with unequal concavities, or it may be 
plano-concave, or concavo-convex. In the same way 
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tlie radii of tlie curves of the surfaces may be in- 
definitely varied, the compound lens having stiU the 
same focal length. 

The practical optician, it will thus be seen, has a 
wide range in the construction of achromatic lenses, of 
which the most eminent have availed themselves with 
great skill and address, so as to remove, by the happy 
combination of curves, not only the spherical aber- 
ration, but also the chromatic aberration of the eye- 
glass, and the spherical distortion. 

On the Illuminating Power of the Spectrum. — By the 
experiments of Fraunhofer it appears that the place of 
maximum illumination in the solar spectrum is at the 
boundary of the orange and yellow rays. Calling the 
illuminating power at this place 100, the light at other 
places will be as follows : — At the extremity of the red, 
O'O ; near the extremity of the red, 3'2 ; near the middle 
of the red, 9'4; in the orange, 64-0; boundary of the 
orange and yellow, 100-0 ; in the green, 48'0 ; in the 
blue, 17*0 ; in the indigo, 3"1 ; near the middle of the 
violet, 0'56 ; extremity of the violet, O'O. 

Bark Lines across the Spectrum. — In the year 1802 
two dark lines were observed by Dr. WoUaston to 
extend across the spectrum formed by a fine prism of 
flint glass, free of veins, when the luminous rays were 
admitted through a slit the twentieth of an inch wide. 
This discovery did not attract much of his attention at 
the time. Without knowing of Dr. "WoUaston's dis- 
covery, M. Fraunhofer discovered that throughout the 
whole length of the spectrum it is nearly all covered 
with these dark lines running parallel to one another, 
and perpendicular to the length of the spectrum. He 
also ascertained that these lines are altogether inde- 
pendent both of the magnitude of the refracting angle, 
and of the matter of the prism. The number of these 
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dark lines observed by Fraunbofer amounts to 590. 
This number bas been increased by Sir David Brewster, 
wbo observed no less than 2,000 dark lines in a spectrum 
wbicb be examined. 

In order to observe tbese dark lines it is necessary to 
use prisms free from veins, to exclude all diffused or 
extraneous light, and to stop those rays that form the 
coloured spaces which we are not examining. It is 
necessary also to use a telescope which magnifies eight 
or ten times. 

Heating or Calorific Power of the Spectrum. — It had 
been supposed up to atbout the commencement of the 
nineteenth century that the heating power in the 
spectrum would be proportional to the quantity of light. 
The late Sir William Herschel, however, proved by 
experiment that the beating power gradually increased 
from the violet to the red extremity of the spectrum. 
He also found that the thermometer continued to rise 
when placed beyond the red end of the spectrum, where 
not a single ray of light was then perceived. Sir John 
Herschel has since discovered the " extreme red " ray 
in this place by looking through cobalt-blue glass (see 
page 70). Sir Wm. Herschel determined that the rays 
invisible to the naked eye exerted a considerable heating 
power 1^ inch distant from the extreme red ray visible 
to the naked eye, even though the thermometer was 
placed at a distance of 52 inches from the prism. 

These experiments were repeated by Sir Henry Engle- 
field, with additional precautions against error, and 
he found that the thermometer rose in the following 
order : — 



In the blue rays in . . . 


3 minutes from 55° to 56° or lo 


In the green rays in . . . 


3 


54 „ 68 „ 4 


In the yellow rays in . . 


3 


66 „ 62 „ 6 


In the red rays in ... . 


2^ 


66 „ 72 „ 16 


In the confines of the red in 


^ 


58 „ n\ „ 164 


Below the visihle red in . 


u 


61 ., 79 „ iS 
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M. Berard obtained similar results, excepting that 
lie found the greatest heat at the very extremity of 
the visible red, instead of beyond. Still more recently 
M. Seebeck has confirmed the foregoing results, except- 
ing that he found the place of the greatest heat varies 
■with the substance of which the prism is made. Seebeck 
was assisted in his experiments by M. Wunsch ; they 
came to the following conclusions : — 

Colour of space 
Substance of the Prism. in wliich the heat is greatest. 

Water yellow 

Alcohol „ 

Oil of turpentine „ 

Sulphuric acid orange 

Solution of muriate of ammonia . . ,, 

Solution of corrosive suhlimate . . „ 

Crown glass middle of the red 

Plate glass „ „ 

Flint glass teyond the visihle red 

Sir John Herschel has more recently made a series 
of experiments on the heating power of the spectrum, 
by trying the varying effects of its power when thrown 
upon sheets of the thinnest post paper smoked on one 
side in the flame of oil of turpentine, the smoke of 
a candle, or blackened with Indian ink, till it is coated 
with a film of deposited black, as nearly uniform a& 
possible, and soaked on the other side with rectified 
spirits of wine, which makes the paper uniformly black. 
The spectrum being thrown upon the wetted side of 
the paper thus prepared, the heating power of its 
different parts is manifested by the varying degree of 
its bleaching power upon the paper produced by the 
evaporation of the spirits of wine. 

The result obtained in this way was, that the heating 
power extended over the whole length of the spectrum, 
but at a point considerably beyond the limit of the 
extreme red (visible to the naked eye) the heating 
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power is a maximum or greatest, having gradually 
increased in ascending from the lowest limit to this 
point. The heating power then diminishes slightly for 
a short space, and again increasing, attains a second 
maximum . It then diminishes until it ceases altogeth er, 
after which it again increases until it attains another 
maximum, after which it again diminishes, vanishes, and 
reappears, and increases until it attains a fourth maximum, 
and still again a fifth maximum is faintly indicated. 

M. Melloni has shown by his experiments that bodies 
are not alike transparent to light and heat. Black 
mica, obsidian, and black glass in thin laminae, although 
nearly opaque to light, yet allow a large quantity of 
-radiant heat to pass through them, and are called by 
Melloni diathermic bodies; while glasses of a green 
colour, in combination with a layer of water, or a very 
clear plate of alum, are called adiathermic, from their 
being perfectly opaque for heat, notwithstanding light 
passes through them freely. These results tend to 
show that flight and heat, though keeping company as 
it were in the sunbeam, are distinct solar emanations, 
and not merely different states of one power. 

On the Chemical Influence of the Spectrum. — ^It has 
long been known that sunlight changes the colour of 
certain substances. The celebrated chemist Scheele 
first observed that muriate of silver is rendered much 
blacker by i^e- violet than by any of the other visible 
rays of the spectrum. This fact enabled Daguerre to 
discover the art of producing portraits, called after the 
discoverer Daguerreotypes, by the action of light on 
plates of copper, covered with certain deposits of silver. 
The same fact also was the germ from which has 
grown the art of photography, which has elevated and 
enriched the arts of painting, sculpture, and architecture. 



90 OPTICS. 

Since the art of photograpliy has been developed to 
sucli importance, a great number of interesting experi- 
ments have been made upon the chemical effects of the 
spectrum. Some of the most distinguished philoso- 
phers of the present age have devoted much attention 
to the subject. The limits of this work preclude an 
examination of all the researches that have been made. 
It appears, however, from the valuable experiments of 
M. Edmund Becquerel, Sir John Herschel, Mr. Robert 
Hunt, and M. Niepce de Saint Victor, that the chemi- 
cal, or actinic, influence of the spectrum upon various 
mineral and vegetable preparations generally extends 
from the green rays to the most refrangible violet 
rays. 

By Mr. Hunt's researches, it appears that the chemi- 
cal influence of the spectrum on twenty-nine different 
mineral and vegetable preparations extended, in aU 
cases but one, from the green to the most refrangible 
violet ; the sole exception being the juice of the ten 
weeks' stock, in which case the chemical influence 
extended only to the middle of the violet. A remark- 
able exception is also presented by this juice — the 
maximum chemical, or actinic, influence is exerted 
upon it at the middle of the yellow, where no influence 
is exerted upon any of the mineral preparations. In 
twenty-five of the twenty-nine preparations, the 
chemical influence extended beyond the most refran- 
gible violet ray, and in eleven cases of the twenty-nine, 
the chemical, or actinic, influence extended even beyond 
the most refrangible fluorescent ray. In four of the 
vegetable preparations, viz., the juices of the Cor- 
chorus Japonica, ten weeks' stocks, wallflowers, and the 
green of leaves, the chemical, or actinic, influence of 
the spectrum extended over the yellow and orange, and 
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near to the least refrangible visible red ray. The 
maximum chemical effect on the preparations of Cor- 
choms Japonica and wallflowers was at the middle of 
the indigo, and on that of the green of leaves at the 
boundary of the blue and indigo. 

Assuming the length of the N'ewtonian, or visible, 
spectrum to be 40, by a scale of equal parts, the 
heat, or caloric, spectrum extended over 75 of 
such parts, according to some of Mr. Hunt's experi- 
ments, and the actinic, or chemical, spectrum over 
86 of such parts, so that the chemical influence 
of the spectrum extended over a space more than 
twice the length of the visible lumiuous spectrum. 
The foregoing results coincide with some experiments 
of Sir John Herschel, who found that the chemical, or 
actinic, influence of the spectrum on paper prepared 
with nitrate of silver, and washed with hydrobromate 
of potash, extended over 116"77 equal parts, of which 
the visible luminous spectrum was only 63-92 parts. 

On producing Coloured Pictures Photographically. — 
Various attempts have been made to obtain photo- 
graphs of objects in their natural colours. These 
attempts have been so far successful as to produce 
photographs in which every colour of the original was 
faithfully represented; even the iridescent colours of 
the peacock's feather have been beautifully photo- 
graphed. It is, however, not yet quite certain whether 
any means have been discovered by which the colours 
can be permanently fixed, as hitherto they have 
slowly faded away, and become one imiform reddish 
tint. It is generally admitted that, up to the present 
time, the most successful photographer in producing 
coloured pictures is M. Niepce de Saint Victor, whose 
process is this : — He takes a Daguerreotype, or sHver- 
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coated plate, and dips it into a weak solution of hypo- 
chlorite of sodium, having a specific gravity of 1"35, 
until it has assumed a bright pinkish hue. The plate 
is then covered with a solution of dextrine, saturated 
with chloride of lead ; it is then dried, and subse- 
quently submitted to the action of heat for several 
hours until the temperature of the plate reaches from 
95° to 100°, or else exposes the plate to the rays of the 
sun as a substitute for artificial heat, under a sheet of 
paper which had been steeped in an acid solution of 
sulphate of quinine. The plate is then ready to be 
placed in the camera obscura, and to receive the 
coloured picture of the spectrum, or any other object. 

It is said that he has succeeded in increasing the 
stability of the colours developed on the sensitive sur- 
face by covering the plate with an alcohoKc solution of 
gum benzoin. This branch of photography has been 
called Heliochromie.* 



CHAPTER XII. 



BREADTH OF WAVES OF LIGHT INFLEXION OR DEFRAC- 

TION OF LIGHT LAW OF INTERFERENCE. 

The following method of measuring the breadth of 
waves of differently-coloured light was used by Sir 
Isaac Newton. 

He placed a flat plate of glass, d e (Fig. 41), upon a 
convex lens of glass, the surface of which is represented 

* It is not the otject of this treatise to descrihe photographic pro- 
cesses generally. Those who wish to oljtain full information respecting 
the most approved processes in practical photography will find it in 
M. Van Monkhoven's Treatise on "Photography," No. 79, Weale's 
Kudimentary Series. 
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by A B, but wliicb must be supposed to have infinitely 
less curvature tban that shown in the figure. The 
under surface of the flat plate will touch the vertex of 
the convex lens at c, and the further any point on the 
under s\irface is from c, the greater the distance 



Fig. 41. 

between the surfaces of the two glasses. If c be 
taken as a centre, and a circle be described round it, 
at all points of that circle the surfaces of the glasses 
will have the same distances between them, and the 
greater that circle is, the greater will be the distance 
between the surfaces of glass. 

The glasses having been thus arranged, iffewton 
found that, by letting a beam of red light fall on the 
surface of the glass d e, a black spot appeared at the 
centre c, where the glasses touched ; that immediately 
around this spot there appeared a circle of red light ; 
beyond that circle a dark ring; that outside of that 
dark ring there was another circle of red light, still 
having the point c as its centre. Outside this circle 
another dark ring appeared, beyond which there was 
another circle of red light, and so on, a series of 
circles of red light alternated with dark rings being 
formed, all having the point c as their common centre. 

The distances between the surfaces of glass at which 
the successive circles of red light were found were too 
small to be directly measured, but they were easily 
calculated by measuring the diameters of the circles of 
light ; and, knowing the diameter of the convex sur- 
face of the lens A c b, this was a simple problem in 
geometry easHy solved with the greatest accuracy. 
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Newton found, on making these calculations, that the 
distance between the glass surfaces where the second 
red circle was formed was double the distance corre- 
sponding to the first ; that at the third red circle the 
distance was triple that of the first, and so on. Of 
course it followed that wherever the dark rings were 
formed, the distances between the glass surfaces were 
not an exact number of times the space corresponding 
to the first red circle. 

Newton perceived that these phenomena were the 
direct manifestation of those efiiects which corresponded 
to the breadth or amplitude of the waves of light in the 
undidatory theory, although he used the corpuscular 
nomenclature. The space between the surfaces of glass 
at the first red ring was the breadth of a single wave, 
the space at the second red circle the breadth of two 
waves, and so on. Within the first red circle the space 
between the glasses being less than the breadth of a 
wave, the propagation of the undulation was stopped, 
and darkness ensued ; in like manner, in the space 
corresponding to the second dark ring, the distance 
between the glasses being greater than the breadth of 
one wave, but less than the breadth of two, the propa- 
gation was again stopped, and darkness produced. 
But at the second red circle, the space being equal to 
the breadth of two waves, the undulations were reflected, 
and the red ring produced, and so on. 

It then became evident that, to measure the breadth 
of the red waves, it was only necessary to calculate the 
distance between the glasses at the first red ring. 

Number of Waives or Undulations in an Inch. — "When 
light of other colours was let fall upon the glass, a 
similar system of luminous rings was produced, but it 
was found in each case that the first ring varied in its 
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diameter according to the colour of tlie light, and 
therefore that the breadth of the waves of lights of 
different colours is different. It appeared that the 
waves of red light were the largest ; orange came next 
to them ; then yellow, green, blue, indigo, and violet 
succeeded each othsr, the waves of each being less than 
those of the preceding. But the most astonishing part 
of this investigation was the minuteness of these 
waves. It appeared that the waves of red light were 
so minute, that 40,000 of them would be comprised 
within an inch, while the waves of violet light were 
so small that 60,000 would be contained within an 
inch ; the waves of light of other colours were of inter- 
mediate magnitudes. 

Table of Undulations. — In the annexed table are 
given the length of the waves of each prismatic colour, 
the number of them which measure an inch, and the 
number of waves, pulsations, or undulations per second 
which strike the eye. 



Colour. 


Length of an 

undulation in 

parts of an inch. 


Number of 
undulations 
in an inch. 


Number of undulations 
per second. 


Extreme red (visible) 

Red 

Orange 

Tellow 

Green 

Blue 


0-0000266 
0-0000266 
0-0000240 
0.0000227 
0-0000211 
0-0000196 
0-0000185 
0-0000174 
0-0000167 


37640 
39180 
41610 
44000 
47460 
51110 
64070 
67490 
69760 


458,000000,000000 
477,000000,000000 
606,000000,000000 
535,000000,000000 
677,000000,000000 
622,000000,000000 
658,000000,000000 
699,000000,000000 
727,000000,000000 


Indigo 

Violet 

Extreme -violet 



In this table, which was calculated by the eminent 
Dr. Young, the numbers of waves or undulations per 
second are given in round numbers, so as to render the 
principles of the investigation as intelligible as possible. 
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The results contained in the table can scarcely fail to 
excite in us sentiments of the greatest wonder and 
astonishment. It is well known that solar light moves 
at the rate of about 200,000 miles per second; it 
necessarily follows that a ray of light 200,000 miles in 
length must enter the pupil of the ^e each second, and 
as the perception of light and colour is produced by 
pulsations of the membrane of the eye vibrating in 
accordance with each ethereal undulation or wave pro- 
pagated from a visible object, whenever we behold a 
red object, the retina, or membrane, of the eye trembles 
or pulsates upwards of 477,000,000,000,000 times 
every second. For each of the other colours of the 
spectrum the number of vibrations the eye makes in a 
second is still greater ; when violet light is perceived 
it trembles at the rate of about 720,000,000,000 times 
in a second. 

That man should be able to m.easure with certainty 
such almost infinitely small portions of time and space 
is most wonderful ; for it may be observed that whether 
we adopt the corpuscular theory of light, according to 
which the molecules of light are supposed to be en- 
dowed with attractive and repulsive forces, to have 
poles to balance themselves about their centres of 
gravity, and to possess other physical properties, or 
adopt the undulatory theory, the periods and spaces 
just given have a real existence. 

It is not unreasonable to suppose that the heat rays, 
and chemical, or actinic, rays, which accompany the 
luminous rays in the solar beam, are endowed with 
properties analogous to those of the luminous rays, 
and possess qualities no less wonderful. 

Inflexion or Diffraction of Light. — The property of 
light called inflexion, or diffraction, was first discovered 
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by Grrlmaidi in 1665. Since that time the subject has 
received a good deal of attention from many eminent 
philosophers, but it is to M. Fresnel that we are indebted 
for the most successful investigation of the phenomena. 

If the rays of light diverging from a luminous point 
F (Fig. 42) fall upon an opaque object a b, all those 
rays included within the angle a f b 
will be intersected, so that a screen 
held at c D will receive none of these 
rays. If we produce the lines f a 
and F B to a' and b', they will include 
upon the screen those spaces which 
would have been illuminated by the 
rays proeeedina: from f, which are 
stopped by the opaque body ab. 
All the rays included in the angles Arc and b f d will 
proceed uninterruptedly, and will fall upon the screen. 
If these rays suffered no change of direction, they 
would illuminate those portions of the screen included 
between c and a', and d and b'. There would by this 
means be a well-defined shadow of the object, ab, 
formed upon the screen at a' b', and the rest of the 
screen would be illuminated in the same manner as it 
would have been if the opaque body, a b, had not been 
present. 

It is foimd by experiment that no such exact and 
well-defined shadow of the opaque object would be 
formed upon the screen. The outline of the space 
which would limit an exact and geometrical shadow of 
A B being determined, it is found that within this space 
light will enter, and that outside this space the illumi- 
nation is not the same as it would have been if the 
object, A B, had not been interposed. 

Hence it is inferred that the rays of light which pass 
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the edges of the opaque object do not proceed in the 
same straight lines, a a' and b b', in which they ■would 
have proceeded if the opaque object was not present. 
The edge of the shadow is not a well-defined line, 
Separating the illuminated from the dark part of the 
screen, but a line of gradually-decreasing brilliancy 
from the illuminated part of the screen to that in 
which the shadow becomes decided. 

The effect produced by the edges of an opaque body 
upon the light passing in contact with them, by which 
the rays are bent out of their course, either inwards or 
outwards, is called inflexion or diffraction. 

This phenomenon is considered as a consequence of 
the general property of undidation. When the system 
of waves propagated round f as a centre encounters the 
obstacles a b, subsidiary systems of undulation will be 
formed round A and B respectively as centres, and will 
be propagated from those points independently of, and 
simxdtaneously with, the original system of waves whose 
centre is r, and which will also proceed towards c a' 
and D b'. In a certain space round the lines a a' and 
B b', along which the rays, grazing the edge of the 
opaque body, would have proceeded, the two systems of 
undulation will intersect each other and produce the 
phenomena of interference. 

The Law of Interference. — If two pencils of Hght, 
radiating from two points close to one another, fall 
upon the same spot of a piece of paper, in which case 
they may be said to interfere with one another, for if 
the paper were removed they would cross one another 
at that point, then if the lengths of their paths, or the 
distances between the paper and the two radiant points 
are the same, they wUl form a bright spot or fringe of 
light, having, an intensity greater than that which 



OPTICS. 99 

would have been produced by either pencil alone. "Now 
it is found that when there is a certain difference be- 
tween the lengths of their paths, a bright fringe is 
produced exactly similar to what is produced when their 
lengths are equal. Let us represent this difference by 
the letter d, then similar bright spots or fringes wiU 
be formed when the differences in the lengths of the 
paths are 2 d, 3 d, 4 d, 5 d, and so on. But what is 
very remarkable, it is clearly proved that if the pencils 
of light interfere at intermediate points, or at those 
points in their paths when the differences in the lengths 
of the paths are half d, one-and-a-half d, two-and-a-half 
d, three-and-a-half •(?, and so on, then instead of adding 
to one another's intensity, the two pencils of light destroy 
each other, and produce a black spot or fringe. 

The quantity d, or the difference in the length of the 
paths at which the interfering pencils of light either 
destroy one another or unite their effects, that is, at 
which they produce the black ^nd light fringes, is also 
the breadth, or as it is sometimes caEed the length of an 
undulation, or a wave of light. M. Fraunhofer found the 
value of d for the different colours of the spectrum to be 
nearly the same as those found by Dr. Young, which 
are given in the firpt column pf the table in page 95. 

Still more recently M. Fresnel, by some carefully con- 
ducted experiin,eiits, arrived at nearly the same results. 

Some important practical consequences follow from 
the finding of the value or length of d, among which 
are the following: — When we consider how glass is 
ground and polished, its surface cannot be mathemati- 
cally correct ; bUit as long as its inequalities, in reference 
to their distance from each other, are less than the 
length d, they will not be ^trimental either to the 
light which is transmitted, or that which is reflected, 
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and no colours of any kind can be produced in them. 
It would likewise be impossible by any means to render 
inequalities of sucb a size visible. 

The Smallest Magnitude visible ly a Microscope. — ^If 
any object wbose diameter is equal to d consists of 
more than two parts, it cannot be recognised as consist- 
ing of more than two parts. In red light the limit of 
microscopic vision is the thirteen-millionth part of an 
English inch, and in violet light the eight-millionth 
part of an English inch. 

Combined Effects of Inflexion and Interference. — ^If 
an opaque body, a b (Fig. 43), be very small, and the 
focus F be a considerable distance from it, the two 
pencils formed by inflexion, of which A and b are the 
foci, will intersect each other as shown in the figure,, 
and in this case some curious phenomena 
will ensue. If the light be homogeneous, 
a bright line of light will be formed under 
the centre of the opaque object a b, outside 
which wiU be dark lines, and then bright 
and dark lines alternately. If the arrange- 
ment of these lines be examined, they will 
be found to vary in their relative distance 
with the quality of the light which radiates 
from the focus r. If the light radiating 
from such focus be compound light from 
Tig. 43. ^^ g^^j^^ ihsa. a series of coloured fringes 

will be formed. 

Examples of the Effects of Inflexion and Interference. 
— A great variety of optical phenomena is produced 
by light passing the edges of smaU opaque objects, or 
small openings or slits made in the opaque plates. The 
principles, however, by which all these appearances are 
explained are the same. 




OPTICS. 101 

If a fine wire or Bewing-needle be held dose to one 
eye, the other eye being closed, and be looked at so as 
to be projected upon the light of a window or a white 
screen, several needles will be seen. 

If the eye be directed in a dark room to a narrow 
slit in the window shutter by which light is admitted, 
several slits will be seen separated by dark bands. 

If a piece of card, having a narrow incision made in 
it, be held between the eye and a candle, a series of slits 
will be seen parallel to each other, exhibiting the 
colours of the spectrum. The same appearance may be 
produced with increased e£Fect by looking through the 
slit at the sunlight admitted through an opening in the 
window-shutter. 

Thin Transparent Plates. — ^When light passes from 
any transparent medium to another of diflferent density, 
a part of it is reflected from their common surface, and 
a part only transmitted. Thus, when light passing 
through air is incident upon the surface of glass, a 
certain part of it is reflfected from such surface, but the 
greater part enters it. When that portion which enters 
the glass arrives at the second surface, which separates 
the glass from the air, on the other side, a like effec* 
ensues, a portion of the light is reflected from the second 
surface, the greater part, however, penetrating it, 
and passing into the air. Hence there are two systems 
of reflected rays — one reflected from the first surface of 
the glass, and the other by the second surface. The 
first system is reflected back immediately into the air, 
the second is thrown back into the glass, and must pass 
through the first surface of the glass before it returns 
into the air. If the two surfaces which thus succes- 
sively reflect a portion of the light which passes through 
thetransparentmediumbe very close together, and if they 
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be not precisely parallel, the reflected rays wIU intersect 
each, other and produce the phenomena of interference. 
Iridescence of Mother-of-Pearl, Soap-bubbles, Feathers, 
>c. — Hence arise the curious and beautiful appearances 
of iridescence which are seen whenever transparent 
substances are exhibited in sufficiently thin plates or 
laminae, the prismatic colours that are seen in the scales 
of fishes, in spirit of wine spread in thin films on dark 
surfaces, in oil thinly diffused over the surface of water, 
and the thin laminae of crystals and soap-bubbles, and 
glass bubbles blown to extreme tenuity, in the laminae of 
mother-of-pearl, in the wings of insects, and feathers of 
birds. 



CHAPTER XIII. 

DOUBLE EEFKACTIOX, AND POLARISATION OF LIGHT. 

When treating of the refraction of light, in preceding 
chapters, through different media, it has been supposed 
that the refracting medium had the same density and 
structure in every part of it. This, however, is not 

•always the case. There are two classes of transparent 
substances, which present optical phenomena depending 
on certain physical properties inherent in the constitu- 
tion of each class of substances. When bodies such as 
gases, fluids, certain transparent solids, such as glass 
slowly and equally cooled, crystallised bodies, the form 
of whose primitive crystal is the cube, the regular octo- 
hedron, and the rhomboidal dodecahedron, have the same 
temperature and density, and are not subject to any pres- 
sure, light incident upon any single plane surface will be 

^refracted according to the law explained in Chap. II. 
In almost all other bodies, including crystallised 
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minerals not having tlie primitive forms above menr 
tioned ; animal substances, such as horn, shells, bones, 
lenses of animals ; vegetable substances, such as certain 
leaves, stalks, and seeds ; and artificial bodies, such as 
resins, gums, jellies, glasses quickly and unequally 
cooled, and solid bodies haviag unequal d.ensity either 
from unequal temperature or unequal pressure, a ray 
or pencil of light incident upon their surfaces will be 
refracted into two different rays or pencils, differently 
inclined to one another, according to the nature and 
state of the substance, or medium, and to the direction 
in which the ray or pencil is incident. 

This property of double refraction was first observed 
in a transparent minera,l substance called Iceland spar, 
(lalcareous spar, or carbonate of lime, which is composed 
of 56 parts of lime, and 44 of carbonic acid. In 
crystallising it generally assumes the form of a rhomb, 
such as that represented in Fig. 44, a 
solid bounded by six equal and rhom- 
boidal surfaces, whose sides are parallel, 
and whose angles b a c, a c d are 101° 
55' and 78° 5'. The inclination of any 
face A B D c to any of the adjacent faces 
that meet at a is 105° 5', and to any of the faces that 
meet at x, 74° 55'. The line a x, called the axis of the 
rhomb or of the crystal, is equally inclined to each of 
the six faces at an angle of 45° 23'. The angle formed 
by any of the three edges that meet at a, or of the 
three that meet at x, with the axis is 66° 44' 46", and 
the angles between any of the six edges and the faces 
are 113° 15' 14" and 66° 44' 46". 

If we take a rhomb of Iceland spar. Eke Fig. 45, 
with well-poKshed faces, and each of its edges at least 
an inch long, and place one of its faces upon a sheet of 
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paper having a black line, l n, drawn upon it ; if we 

then place the eye at r, and 
look through the upper sur- 
face of the figure, we shall 
probably see the line l n 
double, but if it be not so, 
by turning the crystal a 
little round it will become 
double, and two lines, ln. In, 
will then be distinctly 
^' ■ Tisible, and by turning the 

crystal round, keeping the same side on the paper, the 
two lines will coincide with one another, and form only 
one at two opposite points during a whole revolution of 
the crystal ; and at two other opposite points, nearly 
at right angles to the former, the lines will be at their 
greatest distance from one another. 

If a black spot be placed at k, the spot will appear 
double, as at k and m, to an eye placed at k ; and by 
turning the crystal round as before, the two images^ 
will be seen to revolve, as it were, around each other, 
excepting at the points where they coincide. 

Let a ray or pencil of light, K r, be now supposed to 
fall upon the surface of the crystalline rhomb at r, it 
win be refracted by that surface into two rays or pencils, 
r K, r M, each of which wiU be again refracted at the 
points K and m of the second surface, and will then 
move in the directions k A, m >w, parallel to one another 
and to the incident ray or pencil s r, which has thus 
been doubly refracted. 

If we now measure the angle of refraction of the ray 
or pencil r k corresponding to different angles of inci- 
dence, we shall find that when the ray or pencil falls 
perpendicidarly on the first surface of the crystal, it 
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suffers no refraction, but passes straight through the 
crystal in one unbroken line ; that at all other angles of 
incidence the sine of the angle of refraction is to that 
of incidence as 1 to 1-654; and that the refracted ray- 
is always in the same plane as that of the incident ray. 
Thus it appears that the ray /• k is refracted according 
to the ordinary law of refraction, which has been explained 
in Chap. II. If we proceed in the same way to measure 
the ray r m, we shall find that at a perpendicular 
incidence, the angle of refraction, instead of being 0", 
is actually 6° 12' ; that at other incidences the angle 
of refraction is not such as to follow the constant ratio 
of the sines, and that it lies entirely out of the plane of 
incidence. It thus appears that the . ray or pencil r m 
is refracted according to some extraordinary law. 

Axis of Double, Refraction. — If e r be incident in 
various directions, either on the natural faces of the 
rhomb, or on faces cut and polished artificially, we shall 
find that in Iceland spar there is one direction, a x, 
along which, if the refracted pencil passes, it does not 
suffer double refraction. In other crystals there are 
two such directions forming an angle with each other. 
In the former case the~cTystal is said to have one axis 
of double refraction, and in the latter case two axes of 
double refraction. 

It is found that in some crystals the extraordinary 
ray is refracted towards the axis a x, while in others 
it is refracted from that axis. In the first case the 
axis is called a positive axis of double refraction, and in 
the second case a negative axis of double refraction. 

In a great variety of other crystals two axes of double 
refraction are found, whilst in others stiU innumerable 
axes of double refraction have been discovered. Among 
this last-mentioned class analcime is found. 
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On Substances idth Circular Double Refraction. — The 
following are some of the substances which possess the 
remarkable property of producing positive, or right- 
handed circular double refraction, viz., certain specimens 
of rock crystal, camphor, oil of turpentine ; other sub- 
stances, such as concentrated syrup of sugar and 
essential oil of lemon, produce negative, or left-handed 
circular double refraction. 

The limits of a work of this nature preclude the 
possibility of entering fully into the consideration of 
these curious phenomena. 

Polarisation of Light. — If a ray of light be reflected 
from the surface of a body under certain special con- 
ditions, or transmitted through certain transparent 
crystals, it suffers a remarkable change in its properties, 
so that it will no longer be reflected and refracted as 
before. The effect thus produced upon it has been 
called polarisation, and the ray or rays of light thus 
affected are said to be polarised, as it is found that the 
sides of the ray which lie at right angles to each other 
posse^ contrary physical properties, while the sides of 
a ray of common light, whether of the sun, a candle, 
or any burning or self-luminous body, possess the same 
physical properties. 

By way of illustration we may compare a ray of 
common light to a round rod or wire of uniform polish 





and uniformly bright, while a ray of polarised light 
may be compared to a similar wire, two of whose 
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opposite sides are rougli and black, -while the other 
opposite sides at right angles to these are polished and 
bright. Thus if a b c d (Fig. 46) be a section of the 
former, the entire circumference is bright and polished, 
and if E F G H (Fig. 47) be a section of the latter, the 
sides a and c will be bright and polished, while the 
sides b and d will be black and rough. 

If we cause a ray of common light to fall upon a rhomb 
of Iceland spar, as in Fig. 45, and examine the two rays, 
K k and m m, formed by double refraction, we shall 
find that the rays have difierent properties on different 
sides ; so that each of them differs from the ray of 
common light. The two rays, k k and m m, are there- 
fore said to be polarised, or to be rays of polarised light, 
because they have sides or poles of different properties, 
and planes passing through the poles are called ^fowes 
of polarisation, because they have the same property, and 
one which no other plane passing through the ray pos- 
sesses. If we cause the two polarised rays to be again 
united into one, we obtain light which has exactly the 
same properties as common light. Polarised light pos- 
sesses numerous properties, curious, complicated, and 
useful. If we blacken a plate of glass on one side, so 
that when used as a reflector no light will be reflected 
from its second surface, such a plate will therefore reflect 
light only from the first surface ; and if we cause a 
■ polarised ray to fall upon it at an angle of incidence of 
54° 35', so that the plate shall make with the ray an 
angle of 35" 25', and if it be turned round the ray, 
so as to be presented successively on every side of it, 
stiU, however, forming the same angle with it, during 
this operation it will be observed that there is a certain 
direction of the plane of the angle of incidence at 
which no reflection wiU take place ; the ray will be 
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absorbed, or extinguished, as it were, by the reflecting 
surface. The plane of incidence will have this direction 
in two opposite positions of the reflector. 

Let the line b d (Fig. 47) represent this position of 
the plane of incidence : then b and d will be the two 
opposite sides of the ray, at which the reflector being 
presented will cause the ray to be extinguished. As 
the reflection is carried round from either of these 
positions respectively, so that the plane of the angle of 
incidence shall turn round the axis of the ray, reflection 
will begin to take place, and will increase in intensity 
until the plane of the angle of incidence takes a posi- 
tion such as a c, at right angles to b d, when the intensity 
of the reflection will be a maximum. 

From this it is evident that when the reflector is so 
presented to the ray that the plane of the angle of in- ; 
cidence shall coincide with the plane of polarisation, 
the ray will be reflected with the greatest intensity, and 
that when the plane of the angle of incidence is at 
right angles to the plane of polarisation, no reflection 
takes place, and the ray is extinguished. 

Angle of Polarisation. — If any other reflecting surface 
be used instead of glass, like effects would follow ; only 
that the angle at which it would be necessary to pre- 
sent the reflecting surface to the ray would be different, 
each species of reflector having its own particular angle. 
This angle is called the angle of polarisation. 

JPolariscopes. — Instruments called polariscopes, adapted 
for the experimental illustration of the phenomena of 
polarisation, have been constructed in various forms. 
For the purpose of elementary explanation, one of the 
most convenient is represented in Fig. 48. In the 
figure A B is a brass tube, like that of a telescope, along 
the axis of which the polarised pencil, or ray, to be 
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Submitted to examination is transmitted; c is a short 
tube, capable of being inserted, after the manner of 
telescopic tubes, in the main tube at a. This tube c 
carries a plane reflector, d, of the blackened glass 
already described, which is capable of being turned on 
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Fig. 48. 

pivots, and is supplied with a double scale and index, 
by which the angle it makes with the axis of the tube 
can be regulated at pleasure. By turning the tube c 
round its axis, the plane of the reflector d may be 
presented successively on every side of the axis of the 
main tube. 

In the tube at <? a diaphragm is fixed, having a cir- 
cular hole in its centre to limit the magnitude of the 
transmitted pencil of light. The pieces e, f, g, and h 
are each capable of being inserted in the end b of the 
tube, and of being turned round in the same manner 
as already described with respect to the piece c inserted 
at the end a. The short tube e carries a plane reflector 
K, similar to that just described, which is capable of 
being adjusted at any desired angle with the axis of 
the tube. The tube r contains a double refracting 
prism ; the tube g contains a thin disc of tourmaline with 
parallel faces, so cut that the optic axis is parallel to 
these faces ; and the tube h contains a bundle of plates 
of glass, with parallel surfaces placed in contact with 
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eacli other, and obliquely inclined to the axis of the 
tube. 

All these pieces can be separately inserted in the 
tube A B, and turned round its axis, so that the reflector 
E, or the prism, or the tourmaline g, or the plates h,, 
may be presented in succession on all sides of the ray, 
or pencil, transmitted along the axis of the tube a b. 

Improved Polariscope. — This apparatus, manufactured 
by Messrs. Home and Thornthwaite, London, consists 
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of a tripod base. Fig. 48a, from which rises a stout 
pillar, forming the support of the ^rho^e. A mirror, a, 
near the base serves to direct the rays of light upwards 
through the various systems of lenses; immediately 
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above the mirror will be foiind tbe aeliromatised tour- 
maline, turning in its cell at b. Into the stage d fits 
the condensing lens e, and over that the crystal sup- 
port /. When e and/ are removed, the single condenser 
g also fits on the stage d. The telescope portion h 
can be raised or depressed by turning the pinion handle 
» ; the analyser is at k, and admits of being rotated 
when necessary. The condenser m serves to direct the 
light, in a concentrated state, on the mirror a. 

To use this polariscope for viewing rings in crystals, 
arrange it as shown in the figure, allowing about seven 
inches between the lenses m and the mirror, and bring 
the lamp as close to the lenses as possible. 

Incline the mirror a so that the light shall be re- 
flected upwards through e and h to the eye at o ; but, 
however powerfiil the light may be that is reflected 
into b, e, and h, not a ray will reach the eye if the axis 
of the tourmaline at b and the Nicol's prism at k are in 
certain relations to one another. It is therefore neces- 
sary when testing the illumination to rotate the eye- 
piece until the light passes freely, and then incline the 
mirror, and alter the position of the foot, until the 
field of view is brilliantly illuminated ; when this is 
the case the eye-piece is turned until the greatest pos- 
sible amount of light is stopped, and allowed to remain 
at that position. The crystal to be examined is placed 
on the crystal-holder /, and the telescopic portion h is 
depressed until the greatest sharpness of the rings and 
illumination of the field take place ; but as the position 
of the polariser, or tourmaline b, the analyser k, and 
the crystal must bear a certain relation to each other 
to gain the full beauty of colour, it is advisable to rotate 
the crystal until the maximvun brilliancy is obtained. 

Polarisation is induced in light by reflection, when 
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the angle of incidence upon any surface separating 
two media is sucli that the trigonometrical tangent of 
the angle is equal to the index of refraction corre- 
sponding to the media. 

Polarisation by Absorption. — Crystals, such as agate, 
have the effect of intersecting one of the two polarised 
rays which constitute common light, and of trans- 
mitting the other. If a ray of common light be trans- 
mitted through a plate of agate, one of the polarised 
rays will be converted into nebulous light in one 
position of the crystal, and the other in another posi^ 
tion, so that one of the polarised rays will be trans- 
mitted in each case. 

Utility of Polarised Light. — ^A great variety of very 
beautiful and interesting phenomena is exhibited by 
transmitting polarised light through crystals and other 
bodies ; and Sir David Brewster has shown that if two 
crystals have grown together with their' axes inclined 
to one another, and if we cut a plate out of these 
united crystals so that the eye cannot distinguish it 
from a plate cut out of a single crystal, the exposure of 
such a crystal to polarised light wiU instantly detect 
its composite nature, and will exhibit to the eye the 
very line of junction. This will be obvious upon con- 
sidering that the polarised ray has different inclinations 
to the axis of each crystal, and wiU therefore produce 
different tints at these different inclinations. Hence 
the examination of a body in polarised light fur- 
nishes us with a new method of discovering structures 
which cannot be detected by the microscope, or any 
other method of observation. 

Analysis of Sugar by Polarised Light. — It is weU 
known that sugar can be manufactured from various 
vegetable productions, such as the sugar-cane, the 
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grape, and most kinds of fruit, beet, carrots, the maple- 
tree, &c. By subjecting these several substances to 
chemical analysis they present no distinguishing cha- 
racteristics ; they give precisely the same constituents. 
Not so, however, when submitted to the test of polarised 
light. If, for example, sugar made from the grape be 
dissolved in water, the solution will be found to have, 
left-handed polarisation, while the sugar produced- 
from the sugar-cane has right-handed polarisation. 
In experiments on such liquids sensible effects can only 
be obtained by transmitting the polarised light through 
columns about ten inches in length. 

Polarising Saccharometer.^M.. Dubosch has invented 
an instrument called "polarising saccharometer," by 
which the sugar refiner, or any other person interested 
in the manufacture or commercial value of sugar, is 
enabled to ascertain in half an hour, or less, the exact 
amoimt of crystallised sugar there is in a given sample, 
as compared with the quantity of non-crystallisable, of 
what is commonly called treacle, or syrup. This instru- 
ment is considered so accurate for the purpose for which 
it was intended, that the French Grovernmenthas adopted 
it to determine the value of raw sugars imported into the 
country, and the customs duties are levied upon the re- 
sults given by this instrument. The duty levied in France 
upon the manufacture of sugar from the beet is also based, 
upon the results obtained by the same instrument. 



CHAPTER XIV. 

THE EYE. 

The human eye — of which a front view is given in 
Fig. 49, and a vertical section in Fig. 50 — is nearly of 
a globular form, with a slight projection in front. The 
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eyebaU. consists of four coats or memLranes — namely, 
the sclerotic coat, the choroid coat, the cornea, and the 
retina ; and these coats enclose three transparent fluids 
or humours — the aqueous humour, the vitreous humour, 
and the crystalline humour, or, as it is sometimes called, 
the crystaUine lens. 

The Sclerotic Coat, a a a, or the outside coat, upon 
which the maintenance of the form of the eye chiefly 
depends, is a strong, opaque, tough membrane, com- 
posed of bundles of strong white fibres, interlacing each 
other in. all directions. This membrane corers about 
four-fifths of the external surface of the eyeball; 
leaving, however, two circular openings — a large one, 
in front, which is covered by a transparent concavo- 
convex piece of nearly' uniform thickness, called the 
cornea ; and a smaller one, behind, at the entrance of a 
nerve called the optic nerve, which, proceeding back- 
wards and upwards, and passing through holes in the 
skull, terminates in the brain. It is by this nerve that 
the impressions made by external objects on the organ 
of vision are conveyed to the brain. The muscles 
which give motion to the eyeball are attached to the 
sclerotic coat, which constitutes the white of the eye. 

The Choroid Coat is a delicate membrane, lining the 
inner surfe,ce of the sclerotic, and covered on its inner 
surface, generally, with a black substance. In some 
people this substance is white, in consequence of which 
they are enabled to see pretty well in the dark, but 
imperfectly in the light. 

The Cornea, b h (Fig. 50), is an exceedingly tough mem- 
brane. It is closely imited at its edge with the corre- 
sponding edge of the sclerotica. It is slightly elliptical 
in its form, its horizontal being rather longer than its 
vertical diameter. Its external surface is more convex 
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th9.n ttat of the sclerotica, so that it forms a segment 
of a sphere, -smaller than that of the general surface of 
the eyeball. It therefore projects outwards in front of 
the eye, making the axis of the eye, which passes 
through its centre, a little longer than the diameter, 
which is at right angles to it, or cuts it square across 
the middle. The cornea being of nearly uniform 
thickness, the concavity of its inner surface corresponds 
with the conyexity of its outer, and gives the whole the 
form of a common watch-glass, or a concavo-convex 
lens whose surfaces have equal radii. 

TJie Retina. — ^Within the choroid, and close to its black 
substance, lies the retina, rrrr (Fig. 50), which is the 
innermost coat of all. It is a delicate, reticulated, and 
perfectly transparent membrane, formed by the expansion 
of the optic nerve over the chief part of the internal sur- 
face of the eyeball. It is spread over nearly all the back 
and side parts of the surface, and terminates near the 
margin of the frontal opening covered by the cornea, 
already described. At the extremity of the axis of the 
eye, in a line passing through the centre of the cornea, 
and perpendicular to its surface, there is a small hole 
with a yellow margin, 'called the foramen centrale, 
which, notwithstanding its name, is not a real opening, 
but only a transparent spot, free of the soft pulpy 
matter of which the retina is composed. 

Iris. — In looking through the cornea from without, 
we perceive a flat, circular membrane, cc (Fig. 49), within, 
called the iris, which is grey, hazel, blue, or black, 
and divides the fore part of the eye — or that part 
between the crystalline lens and the cornea — into two 
very unequal parts. In the centre of it there is a 
circular opening, called the pupil, which expands when 
a small portion of light enters the eye, and contracts 
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when a great quantity of liglit enters. The two parts 
into whicli the iris divides the eye are called the "ante- 
rior " and the " posterior " chambers. 




Fig. 49 



The Pwpil is the space through which the light, 
j^ceived through the cornea, is transmitted to the 




Fig. 50. 

crystalline lens. By this means a pencil of rays is 
admitted to the crystalline lens, whose external limits 
are determined by the circumference of the pupil. 

The posterior or back surface of the iris is covered 
by a black substance, or pigment, contained in a thin 
transparent membrane, called the uvea. 

The Crystalline Lens, c c (Fig. 50), is a denser substance 
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tlian either the aqueous or the vitreous humour. It is 
suspended ia a transparent bag, or capsule, by what are 
called the ciliary processes, g g (Fig. 50), which are attached 
to every part of the margin or circumference of the cap- 
sule. As the frontal opening of the sclerotica is closed 
by the cornea, that of the choroid, which corresponds 
with it in position, is closed by the crystalline lens. This 
lens is what is called in optical phraseology an unequal 
double-convex — the lens being more convex behind 
than before ; the radius of its anterior or front surface 
being 0"30 of an iach, and that of its posterior or back 
surface 0'22 of an inch. The lens increases in density 
from its circumference to its centre. 

The Aqueous Sumour. — That part of the eye between 
the cornea and the crystalline is filled with a transparent 
Kquid, called the aqueous humour, which, as its name 
implies, is a watery fluid, holding in solution very 
minute quantities of albumen, or a substance the same 
as the white of an egg, and common salt. The aqueous 
humour is separated from the cornea by an extremely 
thin, transparent membrane, called the membrane of the 
aqueous humour. 

The Vitreous Sumour, which fills that part of the 
eye between the crystalline lens and the retina, is not 
in immediate contact with the retina, but is enclosed in 
a fine, transparent membrane, called the hyaloid. 

Eyelids — Conjunctiva. — The eyelids are not in im- 
mediate contact with the sclerotica or the cornea. A 
fine membrane, called the conjunctiva, which lines the 
inner surface of the eyelids, is carried over the fore 
part of the sclerotica, and over the front surface of the 
cornea. 

Eyelrows. — The eyebrows across the projecting part 
of the forehead catch the sweat descending from above, 
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ana prevent it from falling on the eyes, and aid in 
shading the eyes from too intense light from above. 
The eyelids may be considered movable screens, made 
so as to cover the eye, or leave it exposed, as occasion 
may require. 

Glands are provided, by which all the parts that 
move in contact with each other are kept constantly 
lubricated. 

Dimensions of the Eye. — The following are the prin- 
cipal dimensions of the eye : — 

Inch. 

EadioB of sclerotic coating . 0'39 to 0-43 

„ cornea 028 „ 032 

External diameter of iris 0-43 „ 0-47 

Diameter of pupil 0-12 „ 0-28 

Thickness of cornea 0'04 

Distance of pupil from centre of cornea . . . 0'08 

,, „ „ crystalline . 0'04 

Radius of anterior surface of crystalline . . . 0'28 „ 0'39 

„ posterior „ „ . . 0'20 „ 0-24 

Diameter of crystalline .... . . 0'39 

Thickness „ ... .0-20 

Length of optic axis . . . . . . 0'87 ,, 095 

Sir David Brewster states that the principal focal 
length of the crystalline lens is 1-73 inches. 

The limits of the play of the eyeball are the follow- 
ing : — The optic axis moves in a horizontal plane 
through an angle of 60" towards the nose, and 90° 
outwards, giving an entire horizontal play of 150°. In 
a vertical direction, it is capable of turning through an 
angle of 50^ upwards, and 70° downwards, being a 
total vertical play of 120°. 

Production of the Image on the Eye. — Knowing the 
structure of the eye, it is easy to explain the effect 
produced withia it by luminous objects placed before 
it. 

If we suppose light proceeding from any luminous 
object, such as the sun, to fall upon that part of the 



OPTICS. 119 

eyeball which is left uncovered by the open eyelids, the 
part of the light that falls upon the white of the eye is 
irregularly reflected, and renders visible that part of 
the eyeball. Those rays of light which fall upon the 
cornea pass through it. The exterior rays fall upon 
the iris, by which they are irregularly scattered, or 
reflected, and render it visible. The internal rays pass 
through the pupil, and are incident upon the crystal- 
line, which, being transparent, is also penetrated by 
them, from which they pass through the vitreous 
humour, and finally reach the retina, upon which they 
produce an illuminated spot. 

On the Law of Visible Direction. — ^When a ray of 
light falls upon the retiaa, and enables us to see the 
point of an object from which it proceeds, it becomes 
an iateresting question to determine in what direction 
the object will be seen, reckoning from the point where 
it falls upon the retina. Let f be a point of the retina 
on which the image of a point of a distant object is 
formed by means of the crystalline lens, supposed to be 
L L. Now, the rays which form the image of the point 
at F fall upon the retina in all possible directions from 
L r to L F, and we know that the point f is seen in the 
direction of e c r. In the same manner, the points /y 
are seen somewhere in the directions fs, ft. These 
lines FK, y*s, /t — which may be called the lines of 
visible direction — may either be those which pass 
through the centre, c, of the lens l l, or, in the case of 
the eye, through the centre of a lens equivalent to aU 
the refractions employed in producing the image ; or 
it may be the resultant of all the directions within the 
angles l f l, l/l ; or it may be a line perpendicular to 
the retina at v,ff. In order to determine this point, 
let ufl look over the top of a card at the point of the 
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object whose image is at f, tUl the edge of the card is 
just about to hide it ; or — what is the same thing — ^let 
us obstruct all the rays that pass through the pupil, 
excepting the uppermost k l ; we shall then find that 
the point whose image is at r is seen in the same 
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direction as when it was seen by all the rays l f, c f, 
L F. If we look beneath the card in a similar manner, 
so as to see the object by the lowermost ray klf, we 
shall see it ia the same direction. Hence it is manifest 
that the line of visible direction does not depend on 
the direction of the ray, but is always perpendicular to 
the retina. This important truth in the physiology of 
vision may be proved in another way. If we look at 
the sun over the top of a card, as before, so as to 
impress the eye with a permanent spectrum by means 
of" rays, l f, faUiag obliquely on the retina, this spectrum 
wiU. be seen along the axis of vision, fc. In like 
manner, if we press the eyeballs at any part where the 
retiaa is, we shall see the luminous impression which is 
produced in a direction perpendicular to the point of 
pressure ; and if we make the pressure with the head of 
a pin, so as to press either obliquely or perpendicularly, 
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we shall find that the luminous spot has the same 
direction. 

Now, as the interior eyeball is as nearly as possible 
a perfect sphere, liaes perpendicular to the surface of 
the retina must aU. pass through one single point — 
namely, the centre of its spherical surface. This one 
point may be called the centre of msible direction, 
because every point of a visible object will be seen in 
the direction of a line drawn from this centre to the 
visible' point. When we move the eyeball, by means 
of its own muscles, through its whole range of 120'', 
every point of an object within the area of the visible 
field, either of distinct or indistiact vision, remains 
absolutely fixed ; and this arises from the immobility of 
the centre of visible direction, and, consequently, of the 
lines of visible direction joining that centre and every 
point in the visible field. Had the centre of visible 
direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. If 
we press the eye with the finger, we alter the spherical 
form of the surface of the retina ; we consequently 
alter the direction of lines perpendicular to it, and also 
the centre where these lines meet ; so that the directions 
of visible objects should be changed by pressure, as we 
find them to be. 

£rect Vision from an Inverted Image. — ^As the re- 
fractions which take place at the surface of the cornea, 
and at the surfaces of the crystalline lens, act exactly 
like those in a convex lens, in forming behind it an 
inverted image of an object — and as we know, from 
direct experiment, that an inverted image is formed on 
the retina — ^it had long been a problem how an inverted 
image produces an erect object. The law of visible 
direction, above explained and deduced from direct 
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experiment, removed at once every difficulty that beset 
the subject. 

The Eye Achromatic. — We know by experience that 
the objects which we see are not edged with coloured 
fringes, as when we look through a prism — as is the 
case with most lenses. But if an object, by any means, 
be seen out of focus — that is, so that its image shall 
fall either before or behind the retina — the achromatism 
ceases, and coloured fringes become more or less 
apparent. 

It is quite evident, from the forms and relative densi- 
ties of the transparent humours which compose the eye, 
the achromatic combination of the lenses has not been 
produced by any accidental circumstances. The two 
menisci formed by the aqueous and vitreous humours, 
having the unequal double-convex crystalline placed 
between of greater density than either, and the two 
former diflfering from each other in density, appear to 
fulfil the conditions of achromatism in a most striking 
manner ; and to this combination is due the freedom 
from colour in the image formed on the retina. 

The Eye Aplanatic. — The peculiar combination of 
lenses in the eye renders it aplanatic — that is, exempts 
it from any sensible spherical aberration. If this were 
not the case, the images on the retina, and the percep- 
tion of the objects producing them, would be more or 
less indistinct ; which they are not. 

It seems quite probable that the increasing density 
of the crystalline towards its centre has been given to 
it by the Divine Optician for the purpose of there 
giving it greater refractive power, so as to enable it to 
refract the central rays of light to the same focus as 
that of the external rays, and thus correct the spherical 
aberration. 
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Conditions of Single Vision with both Eyes. — The 
condition which produces identity of perception by both 
eyes at the same time is simply the identity of size, 
colour, brightness, form, and position of the optical 
pictures of the object formed on the two retinae. But, 
to understand what constitutes their identity of posi- 
tion, it is necessary that some point or line should be 
assigned, in reference to which the position of the 
picture is determined. This Hne must evidently be 
the optic axis, and the position of the two pictures will 
be identical if their corresponding points are similarly 
placed around the foramen centrale of the retina ; that 
being the point, as already stated, through which the 
optic axis passes, — that is, if any point of one image 
fall upon the retina at the hundredth of an inch above 
or below the foramen centrale, the corresponding 
point of the other image must also fall at the 
hundredth of an inch above or below the foramen 
centrale of the other eye. In like manner, if the image 
of any point fall upon the retina of one eye at any 
given distance to the right or left of the foramen 
centrale, the image of the same point must fall at the 
same distance to the right or left, respectively, of the 
foramen centrale of the other eye. 

Inability of some Persons to distinguish Colours. — 
Those persons who are unable to distinguish colours 
are generally capable of performing all the other deli- 
cate functions of vision. A shoemaker, named Harris, 
at Allonby, was unable from his infancy to distinguish 
the cherries of a cherry-tree from its leaves, in so far 
as colour was concerned. Two of his brothers were 
equally defective in this respect, and always mistook 
orange for grass-green, and light green for yellow. 
Harris himself could only distinguish black and white. 
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Mr. Scott, who describes his own case in the " Philo- 
sophical Transactions," mistook pink for pale blue, and 
a full red for a fuU green. AH kinds of yellows and 
blues, except sky-blue, he could discern with great 
nicety. His father, his maternal uncle, one of his 
sisters, and her two sons, had all the same defect. 

A tailor at Plymouth regarded the solar spectrum as 
consisting only of yellow and light blue ' and he could 
distinguish with certainty only yellow, white, and 
green. He regarded indigo and Prussian blue as black. 

Mr. Dugald Stewart, the eminent writer on mets^phy- 
sics, could not perceive any difference in the colour of 
the scarlet fruit of the Siberian crab and that of its 
leaves. 

Dr. Dalton was unable to distinguish blue from pflik 
by dayKght ; and in the solar spectrum the red was 
scarcely visible to him, the rest of it appearing to 
consist of two colours. 

Mr. Troughton, of the firm of Troughton and Sims, 
the eminent mathematical instriunent makers, was 
capable of fldly appreciating only blue and yeUow 
colours. 

In almost aU these cases the different prismatic 
colours had the power of exciting the sensation of 
light, and giving a distinct vision of objects, excepting 
in the case of Dr. Dalton, who was said to be scarcely 
able to see the red end of the spectrum. Dr. Dalton 
endeavoured to explain his own case by supposing that 
the vitreous humour was blue, and therefore absorbed 
a great portion of the red and other adjoining rays. 
This opinion, however, was proved, by the post-mortem 
dissection of the eyes of that distinguished philosopher, 
to have been erroneous, as it appeared that the vitreous 
humour was perfectly transparent and colourless. 
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Sir Jolm Herschel attributes the defects of Dr. 
Dalton's vision, and other defects of the same class, to 
a morbid state of the sensorium, or brain, by which it 
is rendered incapable of appreciating exactly those 
differences between rays upon which their colours 
depend. 

Mr. "Wortmann, of Geneva, has published an inter- 
esting memoir on this subject. The result of his 
researches is contained in the following summary : — 
Colour-blindness has been foimd only in individuals of 
the white race. Some of the ooloiu'-blind see only 
black and white, and some have the affection so slightly 
as only to confound approximating shades of blue and 
green in candle-light. There are more of the colour- 
blind than is generally believed. The female sex 
furnishes a small proportion. There are as many of 
the colour-blind with blue as with black eyes. Colour- 
blindness is not always hereditary. It does not always 
affect the males of the same family. It does not always 
commence at birth. The colour-blind do not judge as 
we do of complementary colours, or of the contrast of 
edours. Several of them are not sensible to the least 
refrangible or red rays. Colour-blindness does not 
arise from any diseased conformation of the eye, or any 
coloration of the humours of the eye or of the retina. 
Colour-blindness has its origin in the sensorium. 

Adaptation of the Eye to different Distances. — The 
most distinguished philosophers have entertained dif- 
ferent opinions with respect to the method by which 
the eye adapts itself to different distances. Sir David 
Brewster, to whom we are indebted for many valuable 
discoveries in optical science, states that in order to 
discover the cause of the adjustment, he made a series 
of experiments, from which he inferred — 



] 26 OPTICS. 

1st. The contraction of the pupil, which necessarily 
takes place when the eye is adjusted to near objects, 
does not produce distinct "vision by the diminution of 
the aperture, but by some other action which necessarily 
accompanies it. 

2dly. That the eye adjusts itself to near objects by 
two actions ; one of which is voluntary, depending 
wholly on the wiU, and the other involuntary, depending 
on the stimulus of light falling on the retina. 

3rdly. That when the voluntary power of adjustment 
fails, the adjustment may still be effected by the 
involuntary stimulus of Hght. 

The different opinions that are entertained by 
scientific men upon this question render it quite 
possible they may be all more or less wrong. I am 
strongly inclined to think the eye adapts itself to dif- 
ferent distances by a sort of galvanic or electric action, 
induced in it by the stimulus of light proceeding from 
external objects ; the force of this action depending 
upon the distance from which the light proceeds, the 
intensity of the light, &c. This opinion, to a great 
extent, is as yet not much better than a hypothesis. 
But there is a close analogy between this view of the 
question and the manner in which an electrician 
determines the distance at which a fault occurs in either 
an electric wire above the surface of the ground, or in 
a submarine cable. When a fault occurred in one of 
the Atlantic cables soon after it had been laid down, 
the electrician at Yalentia, Ireland, ascertained by his 
electric apparatus the precise distance from Valentia at 
which the fault occurred, although that distance was 
nearly two thousand miles from him, the cable at the 
time lying in the bed of the ocean. 

The Size of Pictures on the Retina. — There can scarcely 
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he anything more calculated to excite our wonder than 
the distinctness of our perception of visible objects, 
compared vrith the size of the picture on the retina, 
from which our perception is immediately derived. 

If, with the naked eye, we look at the fall moon on 
a clear night, we see distinctly the light and shade on 
its surface. The diameter of its picture on the retina 
is ■jtt^'i P^^* ^^ ^^ inch, and the entire size of the 
space on the retina occupied by the image is a 3 9 a ^t h 
part of a square inch ; yet within this small space we 
are able to perceive a great number of still more minute 
details. For example, we see forms of light and shade 
whose linear dimensions are only about yV^h part of 
the apparent diameter of the moon, and which therefore 
occupy upon the retiua a space the area of which is less 
than y-jTO'.'roo"*^ P^'"* °^ ^ square inch. 



CHAPTEE XV. 

ACCIDENTAL, OR COMPLEMENTAET COLOUES. 

If we look steadily for some time at any brightly- 
coloured object, the eye becomes strongly impressed 
with that colour, and if we then suddenly look at a sheet 
of white paper, the paper does not appear white, or of 
the colour impressed by the object, but of a different 
colour, which is called the accidental colour of that with 
which the eye was impressed. If a bright red wafer 
be placed upon a sheet of white paper, and we steadily 
look at a mark in its centre, then if we turn the eye 
upon the white paper we shall see a circular hluish-green 
spot of the same size as the wafer. This hluish green is 
called the accidental colour of red. 

If the preceding experiment be made with wafers of 
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different colours, we shall obtain accidental colours, or 
ocular spectra, as they are called, as follows : — 



Colour of wafer 








Accidental colour. 


E«d 


Bluieli green. 


Orange 








. Blue. 


TeUow 






. 


. Indigo. 


Green 








. Violet, reddish. 


Blue 








. Orange-red. 


Indigo 








. Orange-yellow. 


Violet 








. Yellow-green. 


Black 






. 'White. 


WMte 








. Black. 



In order to find tlie accidental colour of any colour 
in tlie spectrum, arrange the prismatic colours in a 
circle in their due proportions, then the accidental 
colour of any particular colour will be the colour 
exactly opposite that particular colour. For this reason 
they have been called opposite colours. 

If the colour which impresses the eye be reduced to 
the same degree of intensity as the accidental colour, it 
will then be seen that one is the complement of the 
other, or what the other wants to make white light. 
Hence accidental colours have been called complementary 
colours. 

Assuming the numerical value of white light to be 
100, the proportional values of the three primary colours 
that compose it are, red 20, yellow 30, and blue 50. A 
compoimd of any two of these colours will, when added 
to the remaining one, complete the composition of white 
light, and is therefore called the complementary of that 
colour. For the same reason every primary colour may 
be considered as the complementary of that secondary 
composed of the other two. Thus, as has been already 
stated, red and green are complementaries of each other ; 
yeUow and purple or violet stand in Ihe same relation, 
as do also blue and orange. 

The following (Fig. 52) clearly iUuslrates the state- 
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Reel, 



Orang»^ 



leZletrl 



yiRirpie 



ments. The three circles which intersect each other 

contain the primary colours, red, yellow, and hlue. In 

the spaces where any two overlap, the secondary or 

complementary colours are produced, and where the 

whole three combine ia the centre, there is white light. 

It will be observed that the complementary colours are 

opposite each other. The 

secondary colours are not of 

uniform tone in the solar 

spectrum, in consequence of 

the unequal proportions of 

the primaries which enter 

into their composition, but 

on each border partake more 

of the character of that primary which adjoins it. 

The combiaation of colours and gradation of tones of 
colour are clearly exhibij;ed in Fig. 53. By this arrange- 
ment the complementary of any colour in a large number 
of colours can be seen at a glance. The primary colours. 
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lYeUow 



red, yellow, and blue, are placed at the greatest distance 
from each other, whilst the secondaries, in their most 
perfect state, occupy intermediate positions ; between 
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these and tlie primaries are placed modifications of 
both by each other (enclosed in braces in the figure), 
each being on its own side considered as the fundamental 
colour, and on the remote side as the modifier. . For 
instance, in the mixtures of red and orange, in the 
division nearest the red, this is regarded as the 
predominant hue, and orange the modifier, whilst in the 
division next to the orange this colour is the funda- 
mental one, and red the modifier. 

It will be observed that the figure is subdivided into 
a number of concentric spaces — in the original, which 
was dedicated to Sir Joshua Reynolds, there are 
twenty, from the deepest tint in the centre, to the 
palest at the circumference — thus giving a range of 
360 tints. 

In Fig. 54 the secondary colours, orange, green, and 
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purple or violet, occupy the positions of the primaries 
in Fig. 53. In this arrangement we have upwards of 
360 different tints, making with the former a compre- 
hensive yet simple and intelligible scheme of more than 
700 tints, showing at a glance the complementary of 
each particular tiut. 
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Sarmony of Colours in Art. — Artists, whether in oil 
or water colours, obtain a ready reference to any- 
particular colour, tint, or tone they may reqtiire, by the 
arrangement just explained. All persons engaged in 
the art of decoration, whether of buildings, furniture, or 
dress, will also find it invaluable in enabling them to 
select those colours which have a harmonious relation 
to each other, and which are therefore pleasing to all 
persons of cultivated taste and refinement. 



CHAPTER XYI. 

OPTICAL INSTRUMENTS. 



Among the great variety of optical instruments which 
have been invented, and which have conferred upon 
man such powers as enable him not only " to inspect a 
mite," but " to comprehend the heavens," there are 
none perhaps that have been of such real utility as 
spectacles. It is true that instruments more calcu- 
lated to excite our wonder and astonishment have been 
invented ; the telescope and the microscope disclose to 
us phenomena and laws which excite in our minds 
sentiments of the most exalted character, but though 
spectacles can lay no claim to anything of this kind, 
their beneficent influence is equally felt in the cottage 
of the peasant and in the palace of the monarch. 

Spectacles consist of two glass lenses mounted in a 
frame so as to be conveniently supported before the eyes. 
The defects of vision which are remedied by spectacles are 
those called weak sight or long sight, and short sight. 
"Weak sight or long sight arises from the convergent 



132 OPTICS. 

power of tlie eye being too feeble ; that is, the rays of 
light proceeding from a distant object would be brought 
to a focus behind the retina, if the rays could pass through 
the back coats of the eye, instead of on the retina. The 
feeble convergent power of the eye may arise either 
from a defect in the quality of the humours, or in the 
form of the eye, or from both combined. Such defects 
are remedied by spectacles having convergent lenses, 
which assist the eye in bringing the light from external 
objects to a focus on the retina. Near sight, or short 
sight, arises from the convergent power of the eye 
being too strong ; that is, the rays of light proceeding 
from external objects are brought to a focus before 
they reach the retina. This excess of convergent 
power in the eye may be produced by the too great 
convexity of the cornea, or the crystalline lens, or the 
too great density of the aqueous and vitreous humours, 
or from both these causes combined. Near sight, or 
short sight, is remedied by spectacles having divergent 
lenses. When the eyes look straight forward the 
centres of the lenses should be in line with the optical 
axes of the eyes ; that is, the distances between the 
centres of the lenses should be precisely equal to the 
distance between the centres of the pupils. 

The Magic Lantern is an instrument adapted for 
exhibiting pictures, painted on glass in transparent 
colours, on a large white cloth or screen, by means of 
magnifying lenses. It is shown in Fig. 55, where l is a 
lamp with a powerftd Argand burner, or what is more 
brilliant, the oxyhydrogen light, the oxycalcium light, 
or, better still, the electric light. On one side of the 
lantern is a concave mirror, m n, whose vertex is oppo- 
site the centre of the light, which is placed in its focus. 
A tube, A B, containing a hemispherical lens, a, and a 
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convex lens, b, is fixed in the opposite side of the 
lantern, c d is a groove into ■which, the glass pictures 
are slided ; the middle of the picture should be in the 
axis of the tube. The light at l, increased by the light 
reflected from the mirror falling upon the lens a, is 
concentrated upon the picture in the slider, and this 
■ picture being in one of the conjugate foci of the lens b, 
an enlarged image of it will be represented on a white 
cloth, or on a screen of white paper, e f, placed perpen- 
dicularly some six or eight feet from the lantern. The 
distance of the lens b from the painted picture or slider 




Fig. 55. 



may be increased or decreased by pulling out or push- 
ing in the tube b, so that a clear and distinct image 
may be formed on the screen of any size, and at any 
distance from the lantern within moderate limits. If 
the screen is made of fine muslin or tracing cloth, the 
image may be distinctly seen by an observer on the 
other side of the screen. As the image on the screen 
win be inverted in relation to the picture on the slider, 
it is necessary to turn the slider upside down, in order 
to have the image on the screen in an erect position. 

In constructing the lantern, the concave mirror, m n, 
is sometimes left out, as an effect equally as good may 
be produced by simply bending a sheet of white paper 
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or pasteboard round the internal surface of tlie lantern. 
In order to prevent the lantern becoming over-heated, 
the body should be large. If oil should be burnt in the 
lamp as the illuminator, the best quality should be 
selected, so as to diminish the smoke and disagreeable 
odour. The glass chimney of the lamp should be as 
high as possible, and the wick large, and of cotton 
thread previously well dried. The wick should be 
evenly cut all round, and should project about one- 
quarter of an inch above the holder. 
. Before exhibiting the images on the screen the 
lantern should be adjusted. If the disc of light thrown 
by the lantern on the screen has a central dark spot, 
the distance between the lamp and the lenses must be 
increased ; if the disc has a dark edge, the lamp must 
be brought nearer the lenses ; if a dark shadow appears on 
the right-hand side of the disc, the lamp must be moved 
to the right; and if on the left-hand side, to the left. 

Phantasmagoria. — "When the images are produced by 
the magic lantern through a transparent screen, the 
exhibitor at the time being concealed from the specta- 
tors, may make the images vary in magnitude; first 
gradually increasing, and then gradually diminishing. 
This is accomplished by moving the lantern, which is 
mounted on wheels, gradually from and towards the 
screen, changing the focus during the motion, so as 
always to produce a distinct picture or image on the 
screen. If the tube of the lantern is first placed in 
contact with the screen, the image will then be very 
small, and the spectators, to whom the screen is almost 
invisible, as the room should be darkened, will imagine 
the image to be at a great distance from them. If the 
lantern be then moved back slowly from the screen, 
keeping all the time the focus adjusted, the image on 
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tlie screen will tlien be gradually enlarged, and the 
impression produced on tlie minds of the spectators will 
be, that the enlarged size is produced by the gradual 
approach of the image towards them ; and so perfect is 
the delusion, that the increase of the magnitude of the 
image startles even persons who are well acquainted 
with the optical causes which produce this delusive 
effect. The image appears sometimes as if it would 
come in actual collision with the observer. 

When the image thus appears to be brought close to 
the observer, it is made to retire gradually by moving 
the lantern towards the screen, the focus being kept 
constantly adjusted, which produces a gradual diminu- 
tion of the image on the screen, and this is continued 
until the tube of the lantern comes up to the screen, 
when the image again seems lost as it were in the 
distance. At this moment the exhibitor changes the 
slider, a manoeuvre which, when skilfully performed,, 
will escape the notice of the observers. The new picture 
may then be exhibited in the same manner. 

The word "phantasmagoria" is derived from the Greek 
■words phanlasma, "spectre," and agoraomai, "I meet." 

The Ghost. — A phantasmagorical illusion called " The 
Grhost " has been exhibited during the last few years at 
the Polytechnic Institution, London, to large public 
assemblies. In this illusion two or more figures appear 
on a stage, and the spectators view them as real living 
actors. The spectators being situated in a distant, 
darkened, and elevated portion of the building, see on 
an illuminated stage two or more figures, but without 
being aware that one or more of them bear a visionary 
character. The peculiarity of this mode of exhibiting 
spectral appearances consists in associating a living 
figure with a merely visionary one, and yet the illusion 
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is so well sustained that the spectators distinguish no 
visible difference between the several actors, when 
properly managed, until the circumstances of the dra- 
matic scene require the visionary figure to fade away, 
or pass through the walls of the apartment, or play 
any similar spectral part. 

For this purpose an oblong chamber is divided into 
two equal parts by a vertical screen of thin glass, 
having a perfectly true surface. One of these parts is 
made the stage on which the acting takes place; its 
floor and three of its walls are solid, and the fourth is 
one entire glass screen ; the ceiling must be made to 
open at different parts to let in light, and have suitable 
blinds to regulate the light and shade in which the 
actors perform. The chamber opposite, or facing the 
actors, is in reality a second stage for carrying out the 
spectral performances. It will now be obvious that the 
actor beneath the seats of the spectators can only be 
seen by reflection, and the trained actor on the opposite 
stage, knowing the precise situation of the reflection as 
seen by the spectators, performs accordingly. 

Some startling effects may be produced illustrative of 
the illusive properties of optical apparatus constructed 
on the principle described. Thus figures placed before 
a white screen are so strongly reflected, that the spec- 
tator cannot divest his mind of their being the substance 
and not the shadow which he observes, particularly as 
he contrasts them with an adjacent solid figure. By 
placing two figures of corresponding form equidistant, 
one on each side of the glass mirror or screen, they 
appear as one, until one is moved ; and if they differ 
in colour, as one blue and the other white, the effect is 
more remarkable. If a cabinet, box, or the like is 
placed one on each side of the mirror, until the image 
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of one exactly corresponds with the material figure of 
the other, then the spectator may see the visionary figure 
open a drawer or door, and remove and replace anything 
therein, and afterwards the solid figure repeat the same 
acts. If the reflection of an actor is thrown on a 
transparent screen it is invisible, but by gradually de- 
creasing the light on the acting stage the spectral appear- 
ance will be as gradually developed until, apparently, 
it becomes a firm solid figure in all its proper costume, 
and acting in conformity to its designed character.* 

The arrangement of the apparatus will be imder- 
stood by reference to Figs. 55a and 56, the former 




Fig. 65a. 



being a vertical section, and the latter a plan, abode 
is a box closed on all sides, but provided on one side 

* This apparatus is the invention of Henry Diroks, Esq., C.E. If 
the transparent mirror be inclined, objects in motion, such as a statue, 
picture, &c., placed before it, appear as if floatiug in the air. 
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witli the door e, and on the other with the door g, 
hinged to the back, a d ; and on the top of the box are 
the flapped openings, h i j ; the interior of the box is 
divided centrally by the partition k k, made of a good, 
clear, and even-surfaced piece of thin, patent plate 
glass, kept in its place within two side grooves ; the 
box is thereby divided into two separate chambers, L 
and M, the latter having a ceiling or screen, n, to 
exclude any object therein from the direct view of the 
spectator, as shown by the line a b. If two figures be 
now introduced, one v the other z, and the eye of the 
spectator be fixed at a, he will observe two figures, one 
real, z, the other v', the mere reflection of Y. By this 
arrangement, it is evident that the plain, unsilvered 
glass, thus viewed at an angle of about 45°, has aU the 




properties of a mirror, but owing to its transparency two 
figures are seen, possessing little or no distinguishable 
difierence between them. Of course a person placed 
at z sees only the figure y ; but as a piece of acting 
may, under proper arrangements of a suitable stage, 
approach the situation apparently occupied by y', and 
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thus indicate to a spectator placed at A any pre- 
arranged dramatic scene, requiring z to be in corre- 
spondence with the visionary figure Y. 

Dissolving Views. — The marvellous effects termed 
" dissolving views " are produced by placing two lan- 
terns of equal power, so as to throw images of equal 
size on the same part of the screen. Fig. 66a repre- 
sents the two lanterns, with the revolving fans in front 
of the tubes. The apparatus is so arranged that while 
the aperture of one lantern is open, so as to allow the 
picture or image produced by it to fall on the screen, 
the other is completely closed. When a change is 
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desired, the turning of a handle moves the fans, and 
allows a portion, of the picture, which before was 
stopped, to fall on the screen, whilst a corresponding 
part of the picture first exhibited is effaced. The con- 
tinued turning of the handle causes a further blending 
of the two pictures or images, one seeming to recede, 
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and the other becoming clearer, until the one first 
shown is completely obliterated, and the other plainly- 
visible on the screen. The slider which has been exhi- 
bited is now removed, and another substituted, and the 
dissolving effect is produced in exactly a similar 
manner as before, excepting that the handle must be 
turned the reverse way to the former one. The effect 
of two pictures or images of quite a different cha- 
racter merging one into another, and in so gradual a 
manner as to defy the eye to detect the change until it 
has actually taken place, is very astonishing, and 
renders the dissolving views a most attractive and 
pleasing exhibition. 

The pictures or sliders employed must be finished with 
extreme care, and the smallest minutiae well executed, 
or, on being so enormously magnified, they would lose 
their proper effect. The subjects usually consist of 
landscapes, sea views, interiors and exteriors of public 
buildings, &c. The most striking effects are produced 
by exhibiting a series of consecutive sliders, such as a 
ship leaving port by day ; night comes on, and the ship 
is seen by moonlight at sea. A storm approaches, the 
ship is struck by lightning and consumed, and the crew 
are saved by a raft. Another series may represent a 
summer landscape changing to a thunder-storm, with 
rain and lightning; this clears away, a rainbow is seen, 
and the series concludes by the summer scene being 
succeeded by winter, with trees, hills, houses, &c., 
covered with snow. Fig. 5tia represents Messrs. Home 
and Thornthwaite's Model Dissolving- View Apparatus, 
by which views are exhibited with clearness on an 
opaque or transparent screen eight feet in diameter, 
the illuminating power being powerful Argand 
lamps, or the oxycalcium light. It is readily set 
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in action, and is well adapted for schools and private 
families. 

The oxycalcium-light is produced by forcing a jet of 
oxygen gas obliquely through the flame of a spirit lamp, 
and placing a ball of lime so that the deflected flame 
may impinge on it. This light is superior to that of 
the best Argand lamp for illuminating the dissolving 
views, the phantasmagoria lantern, the microscope, or 
the polariscope, and is but little inferior in brilliancy to 
the oxyhydrogen light. The advantages the oxycalcium 
possesses over the oxyhydrogen are — greater economy 
of the first cost of the necessary apparatus ; less trouble 
in the manufacture of the gas, and consequent diminished 
bulk of the gas bags, &c. ; the total absence of danger 
in using it, even in the hands of the most inexperienced 
(as oxygen gas is not combustible or explosive) ; and 
the constancy of the light produced, no turning of the 
lime ball, or variation of the supply of gas or spirit, 
being required. 

Bi-unial Dissolving- View Apparatus. — This apparatus, 
which is the most portable, simple, and efficient yet 
introduced, is adapted for the oxyhydrogen light. It 
consists of but one lantern instead of the usual com- 
bination of two. The lantern is usually made of 
mahogany, having two sets of lenses and their respective 
mountings attached to it, one above the other ; and 
having in the interior two sets of the necessary fittings 
to produce two oxyhydrogen lights. The lenses require 
no adjusting to insure perfect coincidence of the two 
pictures on the screen, neither are there any fans 
required, as the dissolving effect is produced by stop- 
cocks attached to the burners. 

The Electric Light. — The illumination of the magic 
lantern by either the oxycalcium or oxyhydrogen light 
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is surpassed in splendour by that of the electric light, 
which has been applied to the illumination of the magic 
lantern by M. Dubosc, the celebrated optician of Paris. 
The electric light is produced by bringing two pieces of 
charcoal, previously put in connection with the poles of 
a voltaic battery, nearly into contact ; the current will 
then pass from one piece to the other, and cause them 
to become incandescent, when they will emit the most 
brilliant artificial light which has yet been produced. 
Means have been contrived by which a single electric 
light illuminates, at the same time, two lanterns, placed 
side by side for exhibition. This is done by placing 
the light between two reflectors, so inclined that each 
reflects it in the direction of the axis of one of the 
lanterns. 

Photographic Lenses or Objectives. — The extensive 
application of photography to the arts of painting, 
sculpture, and architecture, to various useful arts, and 
to many scientific pursuits, has called into requisition 
the greatest skill of the scientific and practical optician 
in designing and manufacturing photographic lenses 
or objectives most suitable for the purposes to which 
they are applied. When the processes of Daguerre and 
Talbot were first given to the world, it was apprehended 
by many persons that the excellence and truthfulness 
of their delineations would cast into the shade the less 
correct representations of the portrait and the landscape 
painter. Instead of superseding the arts of design, 
photography supplies them with the most valuable 
materials — ^with scenes in life and facts in nature — 
without which art would remain comparatively impro- 
gressive. Before the time of the inventions of Daguerre 
and Talbot, the minute and accurate delineation of 
nature was a task almost impossible, requiring an 
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amount of toil on the part of the artist which could 
hardly be repaid even when hut slightly performed ; but 
photography has furnished art with the most perfect 
means of arresting in their most delicate and pleasing 
forms, every object, however minute, that can enter 
into the composition of a picture, enabling it, by the 
multiplication of life and thought, to tell more truth, 
without disturbing in the least its repose, or impairing 
in any way the general effect. 

Baptista Porta invented and used the form of camera 
and lens shown by Fig. 57. In a brass mounting, b, 




Fig. 57. 

like the frustrum of a cone, an achromatic plano-convex 
lens, A, was placed ; the diaphragm is shown at c, out- 
side of which a shutter slided. The smallest diaphragm 
had an aperture of about one-thirtieth the focal length. 
Besides this aperture there were many others of larger 
size, which could be used according to the desired 
intensity of the image. The ground-glass, d f, of the 
camera was smaller than the field, i h, owing to the 
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diaphragm being too near the lens, which, in 
sequence, acted only at its central part. 

Opticians afterwards ascertained that the meniscus 
form of lens, as represented by Fig. 57a, was preferable 
to the plano-convex of equal focal length, as it gave a 
more sharply defined image of greater size. The con- 
cave surface of flint-glass was towards the object, and 
the convex surface of crown-glass towards the ground- 
glass. The field, or ground- glass, was sharply covered 
over a square surface, the diagonal of which was about 
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Fig. 67a. 



Fig. 58. 



one-fourth of the focal lengtn. If the diameter of the 
lens be large in proportion to its focal length, the 
diaphragm must be placed farther from the lens, so 
that the ground-glass be of sufficient extent to receive 
the size of the image formed by the lens. When the 
radii of curvature of the lens are selected properly, the 
field is flat, but the distortion is considerable. By 
bringing the diaphragm nearer the lens, the distortion 
diminishes, but the curvature of the field increases. To 
produce the sharpest image, a more concave face must 
be substituted for the flint-glass. In general, the 
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spterical aberration is corrected by an aperture of about 
one-tbirtieth. the focal length, and the chromatic aber- 
ration by a suitable selection of the crown and flint 
glasses. It is highly desirable to reduce the spherical 
aberration as much as possible, as by so doing great 
perfection in the sharpness of the details of the photo- 
graphic proof is obtained. As the intensity of the 
image depends upon the aperture, the greater the 
spherical aberration is, the smaller must be the aperture 
to give the image the sharpness required, and con- 
sequently the longer must be the exposure to the light. 
Some years ago a patent was obtained by Mr. Qrubb of 
Dublin, for the form of lens shown in Fig. 58. Its 
form is also meniscus, but the arrangement of the flint 
and crown glasses is the reverse of that in Fig. 57a. 
By Mr. Grubb's lens, the rays parallel to the axis are 
achromatised ; the focal length of oblique rays is in- 
creased, by which a flat field is obtained, and of larger 
dimensions than that obtained by the lens represented 
in Fig. 57a ; the spherical aberration is less, and there- 
fore permits the use of larger apertures of diaphragm, 
by which the combined effects of brilliancy and relief 
are produced. 

It follows from the foregoing descriptions that there 
are two kinds of single objectives or lenses — the 
component flint and crown glasses holding reverse 
positions in each. In both the meniscus form has been 
adopted. The advantages possessed by the objective 
or lens invented by Mr. Grubb over the other are, less 
distortion, a shorter focal length, greater rapidity, and 
less bulk. 

The better form of lens has long been used in 
England and the United States, whilst in France and 
Germany the worse form is stiU in general use. 

L 
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Fig. 59 shows a section of a single objective which 
has been extensively used in Great Britain and Ireland, 
and the United States. The flange, a b, is attached to 
the camera ; c D E F is a cylindrical tube, in which the 
objective, lm, is placed; the diaphragm, gh, is a 
disc of brass, containing circular apertures of various 
diameters, 'the centres of the apertures being equi- 
distant from the centre of rotation of the diaphragm. 




Fig. 59. 

By a slight pressure of the finger on the external part, 
G, of the diaphragm, which causes it to rotate, one 
aperture is substituted for another. When the centre 
of each aperture arrives at the optical axis of the 
objective a shock is felt, caused by a spring which 
catches in shallow notches in the disc. 
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Mr. Dallnm/er's vem Single O^ectwe. — Mr. Dall- 
meyer has adopted the meniscus form in his single 
objective, in which, in addition to the ordinary crown 
and flint-glass lenses, a third lens of crown-glass is 
employed, whose index of refraction is somewhat less 
than that of the other crown-glass. The three lenses 
are meniscuses cemented together, with the concave 
side towards the object, as shown in Fig. 59. 

Assuming the focal length to be 10-000, the follow- 
ing are the other data : — Diameter of the lenses, 2'302 ; 
first lens — r, 6"043 ; (crown-glass) -t- /"^ 1'727; second 
lens —r\ 1-727; (flint-glass) + r^, 4-813; third lens 
— r^, 4-813 ; (crown- glassj) -|- r^, 2-561 ; index of re- 
fraction (yellow) of the flint-glass, 1-581 ; of thecrown- 
glassi, 1-521; of the crown-glasSj, 1-514. Ratio of the 
focal lengths to produce achromatism: — Crown and 
flint-glass ^, = 0-706, crown^ and flint-glass ^ = 0-645. 

The real focal length of the objective is 6-95 inches, 
and diameter, 1-6. 

The chief merits of this objective are, that with an 
aperture of J^, it covers sharply a field of 72° ; with 
an aperture of Jg, a field of about 90° ; that the dis- 
tortion is, for an image of the same length as the focal 
length, reduced to a minimum ; the chemical focus for 
oblique rays is diminished; the field flatter and the 
image more brilliant than in the older forms ; and that 
it is less in size and weight, and requires a shorter 
camera. 

The Globe Objective. — Fig. 60 is composed of two 
equal achromatic meniscuses arranged in such a manner 
that the external convex surfaces of the lenses would, 
if continued with the same radius till they meet, form 
a globe. Hence the name. The two lenses are fixed 
in rings attached to the ends of a brass tube blackened 
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iaside and expanding towards the object. On this 
expanded tube a cap of pasteboard is fitted, which serves 
as a shutter. The diaphragm is placed equidistant, 
from the lenses, and consists of a circular plate of brass, 




rig. 60. 

with apertures of various diameters. It is actuated in. 
a similar manner to that, in Mr. DaUmeyer's single 
objective (Fig. 59). 

If we take the absolute focal length as lO'OOO, the 
following are the other data : — Radius of curvature of 
1st surface of crown-glass, 1"412 ; of 2nd ditto, 2'043; 
of 3rd surface of flint-glass, 2'403 ; of 4th surface of ditto, 
1'620; diameter of lenses, 1'875 ; thickness of the central 
part of meniscus, "2315 ; axial distance between the ex- 
ternal surfaces, 2'824 ; largest aperture of diaphragm, 
^, "2777; smallest, ^, -1388; density of crown-glass, 
:c-543; index of refraction, 1-53; density of flint-glass 
3"202; index of refraction, 1'60. 

The mounting unscrews into three parts to permit, 
when necessary, the cleaning of the inner surfaces. 

The globe lens is generally limited in use to land- 
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scapes, buildings, maps, and engrayings, as fine proofs 
can be obtained by it only with a very small aperture 
of diaphragm which retards its action. 

The Periscope consists of two equal meniscuses, con- 
cave towards each other, as shown in Fig. 61. Equi- 
distant between the lenses the diaphragm 
is situated. This objectiTe, the inven- 
tion of Steinheil, possesses a chemical 
focus, which necessitates an adjustment 
after the visual focus has been obtained. 
It embraces an angle of 100° with an 
aperture of J-^, by which a sharply- 



defined image is produced over the en- ^e- 'i- 

tire field. Assuming the visual focal length to be 
10 "000, the following are the other numerical data in re- 
lation thereto : — Chemical focal length, 9-754 ; diameter 
of the lenses, 1'256 ; radius of curvature of the surfaces 
A, B, + 1-753 ; of the surfaces c, d, — 2-076 ; distance 
between the two lenses, 1*256 ; axial thickness of the 
lenses, -1256 ; index of ref. (orange), 1-5233 ; ditto 
(violet), 1-5360 ; aperture, -J^, of the diaphragm, -2513. 

By comparing the periscope and globe-lenses it may 
be seen that the spherical aberration of the former is 
less than that of the latter, but the astigmation is 
more. 

Mr. Thomas Ross's Doublet. — The ordinary-angle 
doublet objective of Mr. Ross embraces an angle of 
about 74°, and the large-angle doublet about 95° 
(if the smallest aperture be used), of perfect defini- 
tion. For architectiiral subjects, however, it is limited 
to an angle of 60°- 

Fig. 62 represents a section of this objective, which 
consists of two achromatised meniscuses ; the surface 
G being towards the object to be produced. The 
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lenses are fixed 




Fig. 62. 



in rings, which screw into a tube, 
B E, b' e', that terminates 
towards the object by a larger 
tube, F f', on which the ex- 
ternal shutter fits. The tube 
containing the lenses screws 
on to the flange, A a', fixed 
to the camera. The diameters 
of the apertures of the dia- 
phragms vary from Jl to J-g, 
and are arranged very much 
like the globe-lens. An in- 
ternal shutter or sliding- 
plate, z, allows of the lens 
being opened or closed in- 
dependently of the sky-shade, 
or external shutter. Each 
of the meniscuses can be used 



separatively as a single objective. 




Fig. 63.' 



The Ortfioscopic Lens is composed of an achromatic 
meniscus having the convex surface towards the object, 
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and of a second divergent meniscus consisting of two 
simple lenses — one a double concave, of flint-glass, 
whicli is next the anterior lens ; tlie other a convergent 
meniscus of crown-glass 

This objective, shown in section in Fig. 63, can be 
used with its entire aperture (about ^), and then acts 
rapidly, but the sharp image is limited in size to about 
half the focal length. The aperture can be decreased 
in diameter to -J-^, by means of imbricated plates of 
brass, which form the diaphragm. With the aperture 
«f J-^ the image is rendered sharp to an extent equal 
to the focal length. As the orthoscopic produces what 
is called pincushion distortion it is not adapted for 
reproducing^-maps, buildings, engravings, &c. 

The Double Portrait Lens of Petzval consists of an 
achromatised meniscus, nearly plano-convex, the convex 
face, A, being towards the object, and of a double-convex 
combination, b o, formed of a divergent meniscus, b, of 
flint glass, situated at a certain distance from the 
double-convex crown-glass lens, c. It is shown in 
section of real size in Fig. 64, as constructed by 
DaUmeyer, of London. 

The apertures of the diaphragm, d d', are so gra- 
duated, that their relative times of exposure are found 
by simple multiplication. 

If the whole aperture of this objective be used, the 
field is much curved. With an aperture of ^, it covers 
sharply not more than ^ of the focal plane ; with an 
aperture of -j^, the extent of image sharply defined 
becomes from ^ to |^ ; and with an aperture of -J-^, the 
sharply defined image is equal in extent to the focal 
length. 

If the diaphragm be placed as shown in Fig. 64, 
this objective produces little or no distortion. 
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Fig. 64. 



Mr. Dallmeyer's Triplet, shown in section of real 
size in Fig. 65, is composed of three achromatised 
meniscuses, a b, c d, e f, each formed of two simple 
lenses cemented together at their common surfaces. 
The tube in which the three meniscuses are mounted is 
covered with a shutter at g h, and screws on to a flange, 
I K, fixed to the camera. The combination E r is turned 
towards the object, and a b towards the ground glass, 
when used in taking landscapes, or for reproductions 
of natural size ; but when used for enlarging, the com- 
binations are reversed, a b being then towards the 
object, and e f towards the ground glass. The largest 
aperture of diaphragm should be used for rapidly 
taking groups, and seizing on instantaneous eflects; 
but for landscapes and reproductions, when the time of 
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exposure is comparatively of little importance, small 
apertures may be used. The diaphragm at l l' contains 
apertures varying in diameter in proportion to the 
light required. 

When required, c d can he taken out, by first screw- 
ing off A B ; if the lenses A B and e f only are used, 
the focal length is reduced one-half, and the rapidity 
is proportionately increased; but then, though the 
system may be achromatic, the objective cannot ,be 
used for portraits, except in special cases, owing to the 
great curvature of the field. 



rf~ 




a 



fig. 65. 



When used for taking portraits out of doors, for 
groups or reproductions, the three combined lenses, as 
shown in Fig. 65, must be employed. 
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By the use of an aperture the thirtieth of the 
focal length (seven inches), brilliant and sharply- 
defined images are obtained, equal in extent to the 
focal length. If it be necessary to use a larger aper- 
ture, it is only the extent of surface sharply defined 
that diminishes, but not the sharpness of the image 
itself. This advantage is so considerable in practice, 
that the triplet has come into extensive use. 

The Flare in Photographic Lenses. — The cause of the 
" flare " or " central spot " in photographic landscapes 
and views of buildings had puzzled photographers and 
opticians for a considerable length of time. By the 
scientific knowledge of Sir John Herschel, combiaed 
with the practical knowledge of Mr. Dallmeyer as an 
optician, the cause not only has been satisfactorily 
ascertained, but efiectually removed. All double-com- 
bination objectives or lenses embracing large angles of 
view, and used with a small central diaphragm, had 
the defect, more or less, of producing a bright central 
spot or flare in the picture. This flare was caused by 
the surfaces of the back-combination lens reflecting the 
aperture of the diaphragm. 

The following extract from a letter of Sir J. F. W. 
Herschel to Mr. Dallmeyer explains this phenomenon : 
— " The curious white patch in the middle of your very 
extraordinary photograph at first puzzled me, thinking 
it was somehow a phenomenon of diffraction. But on 
considering your experiment when an image of a candle 
was produced,* it has just occurred to me that some 
such image of the diaphragm-aperture might arise 

* Mr. Dallmeyer found that, on removing the diaphragm of a lens 
with which he performed some experiments, and placing a lamp-flame 
ia the exact position thereof, the image of the flame occupied the 
place on the ground-glass previously occupied by the central spot. 
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from reflection between, tlie glasses of the lens used. 
Thus taking the simple case of a single lens, A b e r a, 
Fig. 65a!, placed so as to have c, the centre of the 
aperture c, in the centre of curvature of the surface 
ABE, then a ray from c will penetrate that surface 
perpendicularly as c a b, and meeting the concave 
surface a r e, whose centre is d, it will be partially 
reflected at b in the direction b d e, making the angle 
B b e = T) b c; arrived at d it will be partially again 
reflected in the direction d c, making the angle x d c 
= X db. 

Again impinging on the surface a c f in c, it will be 




Fig. 6Sa. 

refracted in the direction c f, making the angle y c f 
greater than n c d, because the reflection is out of glass 
into air. Thus will rays nearly central converge to a 
focus _/ on the convex side of the lens, and form an 
image of the aperture with more or less aberration ; in 
fact the aberration of such a pencil-cone will be very 
great, and the rays divergent on the whole of so very 
large a lens from so near a point will scatter over a 
large area. I have not calculated the foci after the 
several reflections, nor the law of the aberrations ; but 
on drawing a figure on a tolerably large scale, and 
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tracing the course of tlie rays, it seems to me as if this 
would give a tolerable account of the phenomenon 
without resorting to any extraordinary refraction." 

This explanation of the phenomenon was verified by 
subsequent experiments made by Mr. Dallmeyer, who 
ground several lenses of different kinds of glass, as of 
dense flint-glass, specific gravity 3'6 ; light flint, specific 
gravity 3'2 ; soft crown, specific gravity 2'54 ; hard 
crown, specific gravity 2 '48. These lenses were all 
made plano-convex, of the same diameter, and ground 
in the same tool. The indices of refraction of each 
piece of glass were known. The lenses were then ex- 
posed in succession, with the piano side facing a distant 
radiant, and the focal distance of the faint image 
formed by the reflected rays was carefully measured. 
This involved the same reflection in all the lenses, 
and the final deviation was only influenced by the 
difference of the indices of refraction in the glasses 
employed. 

Dallmeyer' s Wide-angle Rectilinear Lens. — The defect 
just referred to has been practically obviated by Mr. 
Dallmeyer' s Eectilinear Lens, shown in Fig 66. It 
consists of two cemented combinations, a and b, of 
nearly similar forms and foci. Each combination is 
composed of two lenses of a deep concavo-convex form 
of flint-glass, as a and d, and two deep meniscuses, of 
crown-glass, as b and V ; the ratio of foci is such that 
for the qualities of glass used each combination is 
achromatic or actinic in itself. The diameter of the 
front combination a is i of the compound focus of the 
objective, or -£, and the radius of curvature of the 
anterior surface r of the flint-glass lens a is also 
4- The radius of curvature of the fourth or concave 
surface n^ of the crown lens, h, is to /•' as 4 : 3. The 
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internal surfaces r^ of flint-glass lens a, and r^ of 
crown-glass lens b, are identical and cemented. Tlie 
diameter of the back combination b is to that of the 
front combination a as 1 : 2, and the radius of curva- 
ture of the posterior convex surface r' of flint-glass 




Fig. 66. 

lens a is to the radius of curvature of the anterior sur- 
face y" as 7 : 6. The radius of curvature t^ of crown- 
glass lens b' is to «** as 4 : 3. The radii of curvature of 
the internal surfaces r^ of flint lens a*, and r* of crown 
lens b', are identical and cemented. The distance 
between the internal surfaces of the combinations A 
and B is equal to ^ of the compound focal length of 
the objective, and the diaphragm or stop, c, divides this 
distance in the proportion of the diameters of A and 
B. The largest aperture of the diaphragm for lenses 
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from seven-incli focal length and upwards is -J-^, and 
the smallest -f^. 

The improTements over other double-combination 
lenses free from distortion, and embracing large angles 
of view, are these, — freedom from a central spot in the 
resulting picture, more perfect correction both for 
spherical and chromatic aberrations, and greater 
equality of illumination throughout the entire surface 
of the plate covered by the lens. This objective em- 
braces an angle of 100°. 

Dalhneyer's Patent Portrait Lens. — This objective, 
shown ia Fig. 67, combines all the good qualities of 




Fig. 67. 



the Petzval portrait-lens in its most perfect form, 
besides being adapted, by means of an easily-effected 
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mecliamcal adjustment, of yielding any desired 
amount of diffusion of focus, or distribution of defini- 
tion. 

It consists of two combinations, a and b, both of the 
same diameter. The ratios of effective aperture to 
focal length are ^, ^, and '^, accordrag to the purpose 
to which it is applied. 

The ratio of focal length of the anterior combina- 
tion A is to the compound focus / as 9 : 6, and the 
focal length of the back combination b is to a as 3 : 2. 
The front or anterior combination a is composed of a 
double-convex lens of crown-glass, a, and a double- 
concave lens of flint-glass, i. The radius of curvature 
of the anterior surface r^ of the lens a is in proportion 
to the compound focus / of the entire combination or 
objective as 1 : 2, and the external radius of curvature 
r* of the flint-glass lens b is to r^ as 5 : 1. The internal 
radii of curvature r^ of crown lens a, and r^ of flint 
lens b, are identical and cemented, and such that for 
the above focal length the combination a is achromatic, 
or nearly so, which, for the qualities of glass used, is 
the case when the ratio of radii between the anterior' 
and internal surfaces r^ and r^ of crown lens a is as 
31 : 27. At a distance equal to the diameter of the 
front combination a, is situated the posterior combina- 
tion B, composed of a meniscus lens of crown-glass a^, 
with the concave surface towards the front combina- 
tion, and of a concavo-convex lens of flint-glass b^, 
with the convex side outside, or facing the screen of 
the camera, these two lenses having their adjacent 
surfaces dissimilar. The radius of curvature of the 
adjacent or internal convex surface r^ of crown lens a^ 
is to that of the anterior surface r^ of crown lens a as 
2:3; and the external radius of curvature r® of flint 
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lens b^ is to r^ as 37 : 31. The radii of curvatures of 
the concave surface of r^ of crown lens a'; and the con- 
cave surface r' of fliut lens 6\ are such that for the 
above focal length, and the lenses a^ and b^ separated 
from each other at the centres of their adjacent sur- 
faces r^ and r' by an interval equal to -^, combina- 
tion B is achromatic or actinic, or nearly so. For 
the qualities of glass employed, this is the case 
when the ratio of radii of crown lens a^ is »•* : r^ as 
1 : 16, and that of the flint glass lens b^, r^ : r' aa2 : 1 
nearly. 

This objective is free from spherical and chromatic 
aberration for both the axial and oblique pencils, with- 
out the use of any diaphragm, but by increasing the 
separation or distance between the lenses composing 
combination B between the limits, say of -^ to /j, 
suitable means, such as a screw, being provided for the 
purpose, the correction for spherical aberration is 
thereby impaired for the moment to any required 
extent, and diflusion of definition obtained to suit the 
wishes of the operator for the time being, without, at 
the same time, materially deranging the other neces- 
sary corrections of the objective. This has never been 
accomplished heretofore. It possesses great equality of 
illumination throughout the entire surface covered by 
the lens ; is entirely free from distortion without the 
aid of diaphragms ; is well adapted for either portraits, 
viewS; or other pictures ; and is econoraical as regards 
the optical means employed. 

Selsby's Heliogram. — Mr. Helsby has recently pa- 
tented an instrument by which fifty small photo- 
graphs are produced at the same time on sheets 
g^ummed at the back, to be cut up and used as 
wafers, labels, trade-marks, &c. The lenses for this 
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purpose are manufactured by Mr. Thomas Ross, 
London. 

Dallmeyer's Rectilinear Aplanatic Lens. — This objec- 
tive, shown in Fig. 68, embraces an angle of 70°, and 
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works with the full opening, i.e. without any stop, the 
aperture being ^. It has therefore four times greater 
intensity than the wide-angle rectilinear lens of 100° 
It is perfectly symmetrical, and is the most perfect 
copying lens extant ; it is also well adapted for groups, 
dark interiors, &c., on account of its great rapidity. 
With the ftdl opening it has double the intensity of 
the orthoscopic. Owing to its peculiarly valuable pro- 
perties, it has been adopted for use by the Austrian 
Government. The British Grovemment has also adopted 
Mr. Dallmeyer's lenses. 

Photographic Enlarging Ajppa/ratus. — Various con- 
trivances have been invented for enlarging carte-de- 
visite and other small photographic negatives to any 

M 
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required size, and of a Tiniform sharpness over their 
entire surface. One of the first contrivances of this 
kind was — 

The American Solar Camera, or, as it is sometimes 
called, Woodward's Apparatus, is shown in Fig. 69. It 
consists of a large lens, g, called the condenser, which 




is made of different sizes, varying from 8 inches to 
36 inches in diameter. 

An achromatic objective, L, is fixed near the prin- 
cipal focus. The sun's rays, r, r, r, are reflected by a 
mirror, e f, on the condenser. The negative, n, is 
placed between the condenser and objective, so as to 
throw the most sharply-defined image on the screen, at 
a suitable distance from the objective. By means of a 
rack and pinion at k, the negative is mov.ed to any 
position required. 

It will readily appear to the reader that this arrange- 
ment is somewhat similar to the magic lantern. All 
other things beiag equal, the rapidity of this apparatus 
is in proportion to the size of the condenser, g. 

It is necessary to correct the objective, l, for the 
chemical focus, and place it a little nearer the con- 
denser than the focus, yj of the latter. Whether a single 
or double objective be used, the lens ordinarily towards 
the ground glass ia photographic operations should in 
this apparatus be turned towards the negative m. 
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The solar camera is generally made in the shape of 
a rectangular box, a b o d. The mirror is adjusted by 
the screw, s, so as to reflect the sun's rays in the proper 
direction, and produce an enlarged and well-defined 
image on a sheet of sensitised paper, placed at right 
angles to the optical axis of the objective, and at a 
proper distance from it. 

M. Wothly's Apparatus. — In order to prevent the 
vibration of the apparatus caused by the action of the 
screw, s, on the mirror, M. Wothly detached the mirror 
from the body of the camera, and by means of cords 
attached to the mirror, imparted to it the motion 
required. 

Solar Cameras without a Reflector. — Enlarging 
cameras have been invented by Mr. Stuart, in Eng- 
land, and by M. Li^bert, in Prance, in which the 
mirror is entirely dispensed with ; the sun's light 
being transmitted directly through the condenser. In 
other respects they are the same in principle as the 
American solar camera. 

Van Monckhoven's Byalitic Apparatus. — This ap- 
paratus for enlarging photographs is the same in 
principle as the American solar camera. The sun's 
rays are reflected by a mirror fixed in the shutter of 
the room. By means of a toothed wheel acted upon 
by an endless screw, the rod of which passes into the 
room containing the enlarging apparatus, the required 
position can always be given to the mirror so as to 
reflect the light horizontally into the condenser. The 
condenser is an unequal double-convex ; the face 
turned inwards being nearly plane, and that turned 
outwards very convex. At a distance from the con- 
denser equal to its diameter is a thin concavo-convex 
lens, the concave side of which faces the condenser, for 
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the purpose of correcting tte spterical aberration of 
the condenser. 

Prevention of Fracture in the Negative. — It frequently- 
happened that when a condenser of large diameter was 
used with the American solar camera, the negative 
became unequally expanded, and fractured in con- 
sequence. To remedy this the negative is equally 
heated over its surface, and a light spring, which holds 
the negative in place, yields to the expansion so as to 
give larger space. 

The Heliostat. — It being necessary to employ a 
person continually in attending to the mirror, in order 
to keep the solar rays always reflected in the same 
direction, instruments called heliostats have been in- 
vented, which cause the mirror to reflect the light in 
the proper direction by means of clockwork. A slight 
knowledge of astronomy and mechanics is requisite 
on the part of those who wish to use the heliostat, 
as the instrument requires to be set every morning, 
or every other morning, for the declination of the 
sun, &c. 

Varieties of Heliostat. — Four or five different kinds 
of heliostat have been invented, viz., August's, Fou- 
caiilt's, Fahrenheit's, and Fahrenheit's modified by 
Van Monckhoven. The first is inconvenient, and can 
only be practically useful in the hands of an expe- 
rienced astronomer. The second is complicated, and 
for its use requires some knowledge of astronomy. It 
consists of a mirror free to move in all directions about 
its centre ; a clock regulated by escapement and pen- 
dulum ; a horary, the axis of which is parallel to the 
axis of the earth ; and a guiding-rod mounted on an 
arc of declination, and attached by a movable joint to 
a rod perpendicular to the mirror. The others are 
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still more complicated, and require also some know- 
ledge of astronomy ; they are, therefore, not adapted 
for the great majority of practical photographers. 

Enlarging Photographs by the Ordinary Camera. — 
By the following methods enlargements may be pro- 
duced to the extent of four or five diameters — ^that 
is, quarter-plate negatives may be enlarged to 16 
inches by 12 inches, with a greater degree of deli- 
cacy, half-tone, and sharpness than by any other 
method in use, without the solar camera or other ex- 
pensive apparatus. 

The plan consists in producing by camera printing 
on wet collodion an enlarged transparency, which is 
toned to a rich black tint, and then transferred either 
to glazed, albumenised, or plain paper. The latter is 
best for large heads, and gives the effect of a very fine 
print on slightly albumenised paper. The following 
simple contrivance, shown in Fig. 70, is convenient 
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and easily arranged, a a is a board supported upon 
trestles ; b, a copying camera ; c, a frame for holding 
the negative, and capable of being raised or lowered, 
so as to bring the negative to the optical centre of the 
lens ; D is a looking-glass, so placed as to reflect the 
light of the sky full upon the negative. A groove is 
cut through the board a a, and c and d are 
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upon a platform wMch moves along tlie board, to enable 
tbe operator to enlarge or diminish tbe image at plea- 
sure ; when the desired size of image is obtained, the 
platform is fixed by a screw, e, underneath. 

The space between the negative c and the lens 
should, to secure the greatest brilliancy, be enclosed 
with a piece of black cloth, in order to prevent any 
light entering the lens, except that which passes 
through the negative ; or a wooden box, painted black 
on the inside, may be used. 

The Magnesium Light, Jbr producing Photographic 
Enlargements. — The magnesium light has been used as 
a substitute for solar light in producing photographic 
enlargements. In all cases of using artificial light, 
whether the magnesium, oxycalcium, oxyhydrogen, or 
electric, an arrangement or apparatus analogous to 
that of the magic lantern is employed, the sensitive 
paper taking the place of the screen on which the 
image is projected. Development -printing is, of course, 
employed. 

The Convex Meliostat. — This is a convex reflector, 
which has been used with very good efiect upon the 
Ordnance Trigonometrical Survey of Great Britain and 
Ireland. In the great triangulation of the kingdom, 
the tops of mountains selected as trigonometrical sta- 
tions were sometimes 100 miles apart, and upwards. 
These stations could not be seen, with the telescopes of 
large theodolites, from one another sometimes for 
weeks together, owing to a hazy atmosphere, &c. To 
remedy this the Convex Heliostat, of about 18 inches 
in diameter, was used in the following manner : — Let 
lis suppose A to be a trigonometrical point on the top 
of a mountain, where an observer is stationed with his 
theodolite, and b a trigonometrical point on the top of 
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another mountain, tlie horizontal and vertical angles 
of which from a he is desirous of ascertaining. An 
assistant with a heliostat is sent to b ; the assistant is 
supplied with data, to enable him to ascertain the 
direction of a from b. When the assistant arrives at 
B, he fixes a pole with a ring on the top, of about the 
same diameter as the heliostat, at a convenient distance 
from B, in the direction of A. He then takes the helio- 
stat in his hand, and with it reflects the solar light 
through the ring on the top of the pole ; this reflected 
light reaches the observer at a, by which means he is 
enabled to take his horizontal and vertical angles to b. 

The Drummond lAght. — This brilliant artificial light 
was first used by Lieut. Drummond, of the Royal 
Engineers, upon the Ordnance Trigonometrical Survey 
of Ireland. It was used at night, as a substitute for 
solar light, with the convex heliostat and others, in 
the manner just described. 

The Camera Obscura. — The principle of the camera 
obscura has been explained in Chap. IV., Figs. 17 and 
18. In the manufacture of cameras, great skill and 
ingenuity have been displayed during the last few 
years, owing mainly to the importance to which photo- 
graphy has attained in its application both to the fine 
and useful arts. Eoremost among the manufacturers of 
camera obscuras stands Mr. P. Meagher, of 21, South- 
am.pton Row, London. At the International Exhibi- 
tions in London, Dublin, Berlin, and Paris, he has 
received the highest awards and medals, and the com- 
mittee of the Photographic Society of Scotland in 
1863, and the committee of the North London Exhibi- 
tion of Arts and Manufactures in 1865, awarded him 
the only prize medals for very great excellence in 
design, material, and construction of his cameras. 
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Portrait Camera. — Fig. 71 represents a perspective 
view of Meagher's Improved Portrait Camera, witli 
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screw and rack-and-pinion action. By turning the 
handle a, the objective or lens is brought readily into 
focus. 

Meagher's Binocular Camera. — This camera, shown 
extended in perspective in Fig. 72, and closed in 
Fig. 73, possesses a body capable of being drawn out 
upon what may be called the accordion, concertina, or 
bellows principle. It can be used for taking stereo- 
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scopic views, cartes-de-visite, or single pictures on the 
full-size plate 7J inches by 5 inches. It has a swing 
back : the binocular lenses L l are focussed by turning 
the handle h. The body of this camera is divided 
into two distinct chambers by a movable elastic par- 
tition. 



OPTICS. 



169 



In the construction of tliis camera, wMcli is simple 
in form, easily put up ready for use, rigid wten ex- 
tended for working, and yery portable, desiderata that 
have been long desired by photographers are most 
suitably adapted and elegantly combined. 

In the Kinnear Camera, although an improTement 
in some respects on those previously existiug, many 
objectionable features are retained: among these are 
the number of loose screws for fixing ; the bottom of 
the .camera is not attached to the body ; the extension 
of the front in focussing renders the camera less rigid ; 
the pyramidal form of the bellows-body renders it 
comparatively useless for wide-angle lenses, and for 
twin lenses for stereoscopic purposes. 

In Meagher's New Folding Camera there are no loose 
pieces or screws connected with the camera, the focus- 
sing is effected from the back by the screw adjustment, 
and the bellows-body is parallel ; thus rendering it 
available for use with the wide-angle doublet and land- 
scape lenses, and, when fitted with a movable central 
partition, also available for use with stereoscopic lenses. 

The folding sideboard, acting as a stay, keeps the 
front and back of the camera perfectly parallel and 
rigid when extended, as shown in Fig. YSa, and when 
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folded keeps the bottom in position, as shown in 
Fig. 736. The collodion slide and focussing screen 
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remain in the camera wlien packed for travelling as 
when in use ; tte glass of the focussing screen being 
effectually protected by the bottom when travelling. 
Fig. 73c shows a perspective longitudinal section of 
the camera when extended, from 
which it will be seen that the 
sides are all parallel. 

To erect the Camera for Use. — 
Turn the sideboards (Fig. 73S) 
back, and the bottom drope in 
its position, and is then ready 
for use. 

From the description given it might be inferred that 
this camera is only adapted for taking landscapes ; it 
is, however, equally well adapted for the studio, and 
when made with a swing back, combines everything in 
the most perfect form that is required in a camera for 
landscape and portrait photography. 

The Camera Lucida has come ijito general use for the 
purpose of delineating distant objects, for copying or 
reducing drawings, &c. The instrument in its original 
form, as invented by Dr. Wollaston in 1807, consists 
of a quadrangular glass prism, a b c d (Fig. 74), the 
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angle bad being 90°, a d c 



67i°, 



B c 67i°, and 



BCD 135°. The rays proceeding from an object, M N, 
are reflected by the faces d c, c b, to the eye at e ; the 
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observer will then see an image, m n, of the object m n, 
projected upon a sheet of paper at m n. If the eye be 
so placed that it sees into the prism with half the 
pupil, and past the angle b with the other half, it will 
obtain a distinct view of the image. The draughtsman 
may then trace the image upon the paper. 

The size of the image projected on the paper will 
vary in proportion to the distance of the paper from 
the camera, and, therefore, the observer or draughts- 
man c'kn obtain a drawing of the object on any scale 
he may require. 

Application to the Microscope. — The camera lucida 
has been recently applied to the compound microscope, 
as explained in page 186, by which details and linea- 
ments of objects so minute as to escape ordinary vision 
are drawn with a precision and fidelity only surpassed 
by the photographic process. 

Various modifications and improvements have been 
efiiected in the camera, lucida, particularly by Signer 
Amice, of Modena. In one form of the instrument 
the observer looks at the object through a small hole 
in a plane reflector, placed at an angle of 45° in the 
direction of the paper, the diameter of the hole being 
less than that of the pupil. In this case, while the 
object is seen directly through the hole, the paper and 
pencil are seen by reflection from the surface of the 
reflector surrounding the hole. 

MiCEOSCOPES. 

A microscope is an optical instrument for magnifying 
and examining minute objects. Microscopes may be 
divided into two classes, viz., simple and compound. The 
simple microscope, said to have been separately invented 
by Jansen and Drebell, is nothing more than a lens or 



172 OPTICS. 

spliere of any transparent substance, m the focus of 
whicli minute objects are placed for examination. The 
rays -of light which proceed from each point of the 
object are refracted by the lens into parallel rays, 
which, on entering the eye, placed immediately behind 
the lens, affords distinct vision of the object. 

The Magnifying Power of a Simple Microscope. — 
The magnifying power of all such microscopes is 
equal to the distance at which we could exami^ the 
object most distinctly, divided by the focal length of 
the lens or sphere. If we say that such or such a 
m.agnifier magnifies an object three or four times, it is 
meant that it exhibits that object with a visual mag- 
nitude three or four times as great as that which the 
same object would have if viewed with the naked eye 
at 10 inches' distance, which is considered to be about 
the average distance at which most eyes would see an 
object distinctly. It has the further convenience of 
lending itself with facility to calculation, by reason of 
its decimal form. In continental countries — in France, 
for instance — 25 centimetres are taken as the standard, 
which is very nearly equal to 10 inches, being 9-8426 
inches. Sir David Brewster takes 5 inches as the distance 
of distinct vision with good eyes, when they examine 
minute objects ; consequently, his magnifying powers wiU 
be only half those calculated by the ten-inch standard. 

The linear magnifying power is the nuxaber of times 
an object is magnified in length, and the superficial 
magnifying power is the nimiber of times it is magni- 
fied in surface. If the object is a small square, and' we 
adopt 10 inches as the standard of distinct vision with 
the naked eye, then a lens of 1 inch focus will 
magnify the side of the square 10 times, and its. area 
or surface 100 times ; but if we adopt 5 inches as the 
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standard of distinct yision with the naked eye, then 
the lens will magnify the side of the square only 5 
times, and its area or surface only 25 times. 

It is not by the increase of superficial, but of linear 
dimensions, that magnifying powers are usually taken. 
No inconvenience can arise from this, so long as it is 
well understood that the linear, and not the superficial, 
dimension is intended. The superficial magnifying 
power is obtained by simply squaring that of the linear. 

Microscopes may be formed in a very simple manner, 
by inserting drops of clear water in small apertures in 
a sheet of tin, or any thin solid substance. Sir David 
Brewster made them in this way with oils and var- 
nishes ; but the finest of all single microscopes may be 
executed, he states, by forming minute plano-convex 
lenses upon glass with diflferent fluids. The spherical 
crystalline lenses of minnows and other small fish form 
excellent microscopes, taking care that the axis of the 
lens is the axis of vision, or that the observer looks 
through the lens in the same direction that the fish did. 

The Coddington Lens.-r—A. simple microscope, of very 
convenient form, consisting of a single lens, as shown 
in section in Fig. 75. This form of lens 
was invented by Sir David Brewster, 
although it has received the name of the 
Coddington lens, from its supposed in- 
vention by the mathematician of that 
name. 

It is formed by cutting an angular 
groove round a solid globe of glass about 
half an inch in diameter, leaving two 
spherical surfaces, A b and c d, on oppo- 
site sides uncut. The angular groove, Kg. 76. 
A E c, B F D, is then filled up with opaque matter, the 
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circular edge of tlie groove e f serving as a diaphragm 
between the two spherical surfaces. It is evident from 
the figure that the effect of the lens upon the rays o o 
will be the same wherever the point o may be situated ; 
the lens, therefore, gives a large field equally well 
defined in all directions, and is very convenient as a 
hand and pocket glass. Sir David Brewster states, 
that when this lens is formed of garnet, and used in 
homogeneous light, it is the most perfect of aU. lenses, 
either for single microscopes or for the object lenses of 
compoimd ones. 

The Compound Microscope. 

In its most simple form the compound microscope is 
composed of a magnifying lens or combination of lenses, 
by which an enlarged image of a minute object is prO' 
duced, and another magnifying lens; or combination of 
magnifying lenses, by which such image is viewed as 
an object would be by a simple microscope. 

The former is called the object-glass, or objective, as it 
is always immediately directed towards the object, 
which is placed very near to it ; and the latter the 
eye-glass, or eye-piece, as the eye of the observer is 
applied to it to magnify the image of the object. 
Compound microscopes are either refracting or reflect- 
ing. 

Refracting Microscope. — A combination of lenses 
forming a refracting microscope is shown, without the 
mounting, in Fig. 76, where o is the object, l the 
object-glass, afid e the eye-glass. The object-glass is 
of very short focal length, and the object o is placed in 
its axis a little beyond its focus. An inverted image, 
o o, of the object o, will be produced at a distance from 
the object-glass, L, much greater than the distance of 
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o from it ; and tlie linear magnitude of tlie image will 
be greater than that of the object. 

The observer will adjust the eye-glass e at such a 
distance from the image as will enable him to see it 
most distinctly. To estimate the entire magnifying 
power of such a microscope, we have only to multiply 
the magnifying power of the object-glass by that of 
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the eye-glass. K, for example, the distance of the 
image o o from the object-glass l be ten times as great 
as the distance of the object from it, the linear dimen- 
sions of the image will be ten times greater than those 
of the object ; and if the focal length of the eye-glass 
be haK an inch, the distance of most distinct vision 
being ten inches, the linear dimensions of o' o' will be 
twenty times those of o o, and consequently 200 times 
those of the object; the linear magnifying power in 
such a case would be 200, and the superficial magni- 
fyring power 40,000. 

The distance apart at which the eye-glass and object- 
glass are usually mounted is about ten or twelve inches, 
adjustments being provided by which the distance 
within certain limits can be varied. 

The Reflecting Microscope.^ — ^When the image which 
is the immediate subject of observation is produced by 
a concave mirror m k (Kg- 76) instead of the convex 
object-glass L, it is called a reflecting nmroacope. 
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The improvements which have been effected in the 
formation of the object-glasses of refracting micro- 
scopes have rendered these so very superior to the 
reflecting microscopes, that the latter have fallen into 
disuse. 

Conditions of JEfficiency. — These are the same as those 
necessary for the perfection of natural vision, viz., 
1st, sufficient visual angle ; 2nd, sufficient distinctness 
of image ; and 3rd, sufficient illumination. 

The greater the visual angle, the more perfect is the 
distinctness of the image, both as respects form and 
colour, provided the aberrations, spherical, chromatic, 
and astigmatic, are corrected by the material and form 
of the lenses, as explained when treating of photo- 
graphic lenses , or objectives. The illumination will 
depend upon the intensity of the light used, and the 
angular aperture of the object-glass. 

Smith and Beck's Popular Microscope. — The construc- 
tion of tliis microscope will be readily understood by 
referring to Fig. 77. The body a is carried by a 
strong arm b, which is attached to a square bar C, that 
may be moved up or down by a rack- work and pinion 
in the lower part of the stand, when the stage d, and 
the mirror e, are attached. 

The base f is triangular, and connected with the 
parts of the instrument already described by a broad 
stay G, which moves on centres at the top and bottom, 
so as to allow the end of the tube h to fit by its pro- 
jecting pin into various holes along the medial line of 
the base. With this arrangement, if the body of the 
microscope be required in a more or less inclined 
position, as in Fig. 77, four holes are provided near the 
extremity of the base for the pin of the tube to fit into. 
A hole near the stout pin l is used when a vertical 
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position is wanted ; while to obtain tlie horizontal posi- 




Fig. 7T. 

tion the pin of the tube is placed in a hole in the stud 
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K, the inner surface of the stay g resting at the same 
time on the top of the stout pin l. This form of 
construction is entirely new, and possesses the follow- 
ing advantages : — It is strong, firm, and yet light; the 
instrument cannot alter from any particular inclination 
it is put into, which is not unfrequently the case when 
the ordinary joint works loose ; and in every position 
the heavier part of the stand is brought over the centre 
of the hase, to insure an equality of balance. 

Directions for Use. — To adjust the focus of the object- 
glass, turn the milled heads o for a quick movement, 
or the milled head p for a slow one. The stage d is 
circular, and upon it fits a plate t ; this again carries 
the object-holder u, which is provided with a ledge v, 
and a light spring w^ ; it is held on the plate T by a 
spring underneath, so that it can be moved about easUy 
by one or both hands. The small spring w is fastened 
to the object-holder by a milled head, which will 
unscrew; so that the position of the spring may be 
altered, to give more or less pressure upon the edge of 
the object, or it may be removed altogether, if neces- 
sary. 

When a stage with only a flat surface is required, 
the object-holder xr may be removed by unscrewing 
from the under-side of the plate T two small milled 
heads, which connect a circular spring with the object- 
holder; or, by removing the plain stage altogether, 
an extra simple flat plate may be substituted. 

Beneath the stage there is a cylindrical fitting, for 
the reception of a diaphragm, or for any additional 
apparatus that may be required in that position. 

The mirror e, besides swinging in a rotating semi- 
circle, will slide up or down the tube h, or it will turn 
on either side for oblique illumination. 
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The ligM should in general be on the left of the 
observer. The best is that from a white cloud on a 
bright day; but a satisfactory effect can be obtained 
from a wax or Palmer's candle, if protected by a glass, 
a Cambridge or moderator oil-lamp, a small paraffin or 
belmontine lamp, or an Argand gas-burner, provided 
it is not more than ten or twelve inches from the 
instrument. 

The management of the illumination demands par- 
ticular attention. That of a transparent object is 
produced by reflection from the mirror below, which 
should have its centre coincident with the axis of the 
body, and should be at such a distance that the light 
reflected from it may nearly converge to a focus at the 
object. This distance will be about two-and-a-half 
inches when daylight is used ; but the rays from a 
lamp or candle, ten or twelve inches from the mirror, 
are so divergent, that the focus for them will be about 
three inches, and the mirror may have to be slid up or 
down accordingly. 

Accurate adjustment of this focus is often required 
with the quarter-inch object-glass ; and some details of 
objects, such as delicate striae, are best seen with this 
glass when a strong light is thrown on them obliquely 
by turning the mirror on one side of the axis. With 
the one-inch object-glass the light is generally in 
excess, and has to be lessened by fitting the diaphragm 
under the stage. This admits only so much light as 
passes through one or the other of the two apertures in 
a small revolving disc; by which contrivance, together 
with, sliding the diaphragm up more or less under the 
stage, every necessary variation can be made. 

To illuminate opaque objects the light is thrown 
upon them from above by a small condensing lens, 



180 OPTICS. 

mounted upon a separate stand, and capable of being 
turned in any direction ; its focus for a lamp or candle 
four incbes from it is about tbree incbes ; for dayligbt 
two incbes. A large object can be placed upon tbe 
stage at once ; but small ones are either laid on a piece 
of glass or beld in a forceps supplied with the instru- 
ment ; they fit upon tbe pin at tbe top of tbe small 
milled bead, vrbicb fastens tbe spring on tbe stage ; 
and by tbe ball-and-socket movement at a, and tbe 
sliding wire h, every requisite movement can be ob- 
tained. In illuminating objects from above, aU light 
that could enter tbe object-glass from, below should be 
excluded ; this can be done efiiectually by turning over 
the aperture the blank space of tbe diaphragm. 

Wenham's Binocular Body. — Thus far in this descrip- 
tion the microscope has only been considered as having 
a single body ; tbe addition, therefore, of the binocular 
body, shown in section in Fig. 78, requires a few 
explanations and directions for use. The purpose of 
the binocular microscope is to give stereoscopic vision 
of objects, whereby the form, distance, and position of 
the various parts are instantly seen ; and the result is 
almost as striking as if tbe minutest object were placed 
in the hand as a model. 

To accomplish this, the only plan hitherto known is 
tbe equal division of the rays after they have passed 
through the object-glass, so that the eye may be fur- 
nished with an appropriate one-sided view of tbe 
object; but the methods hitherto contrived to effect 
this not only materially injure tbe definition of tbe 
object-glasses, but also require expensive alterations in 
their adaptation, or, more frequently still, a separate 
stand; whereas the following arrangement, contrived 
by Mr. Wenbam, is no obstacle to the use of the 
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monocular instrument, 
and tlie definition of 
the highest powers is 
scarcely impaired. It 
consists of a small prism 
mounted in a brass box 
A, which slides into 
an opening immediately 
above the object-glass, 
and reflects one-half of 
the rays, which form an 
image of the object, into 
an additional tube b, at- 
tached at an inclination 
to the ordinary body c. 
One-half of the rays take 
the usual course, with 
their performance un- 
altered; and the .re- 
mainder, although re- 
flected twice, show no 
loss of light or definition 
worthy of notice, if the 
prism be well made. As 
the eyes of different 
persons are not the saane 
distance apart, the first 
and most important 
point to observe in using 
the binocular is that 
each eye has a full and 
clear view of the object ; 
this is easily tried by 
closing each eye alter- 
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nately wittout moving tlie Head. "WTien it iaay be found 
tliat some adjustment is necessary, by racking out the 
draw-tubes d E of the bodies, by means of the small 
m.illed bead near the eye- jiieces, this will increase the dis- 
tance of the centres; and, on the contrary, the tubes when 
racked down will suit those eyes that are nearer together. 

If the prism be drawn back till stopped by a small 
milled head on the opposite side to k (Fig. 77), the 
field of view in the inclined body is darkened, and the 
rays from the whole aperture of the object-glass pass 
into the main body as usual, neither the prism nor the 
additional body interfering in any way with the use of 
the monocular microscope. 

By unscrewing the small milled head just referred 
to, the prism can be withdrawn altogether for the pur- 
pose of being wiped ; this should be done frequently, 
and very carefully, on all four surfaces, with a perfectly 
clean cambric or silk handkerchief, or a piece of wash- 
•leather ; but no hard substance m]ist be used. During 
this process the small piece of blackened cork fitted 
between the prism and the thick end of the brass box 
may be removed ; but it must be carefully replaced in 
the same position, as it serves an important purpose in 
stopping extraneous light. 

As the binocular microscope gives a real and natural 
appearance to objects, this efiect is considerably in- 
creased by employing those kinds of illumination to 
which the naked eye is accustomed. The most suitable 
are the opaque methods, where the light is thrown 
down upon the surface ; but for those objects that are 
semi-transparent, as sections of bone or teeth, diato- 
macese, living aquatic animalculse, &c., the dark-field 
illumination, by means of the parabolic reflector (Fig. 
82), will give an equally good result. 
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For perfectly transparent illumination it is much 
better to diffuse the light by placing under the object 
various substances, such as tissue paper, ground-glass, 
very thin porcelain, or a thin film of yellow bees'-wax 
run between two pieces of thin glass. 

Additional Apparatus. — When the light from the 
concave mirror proves insufficient for any object requir- 
ing an intense transmitted, light, the achromatic con- 
denser (Fig. 79) may be employed with advantage. This 






Fig. 80. Fig. 81. 

slides, by its tube, into the fitting under the stage of the 
instrument, in which it has to be moved up or down 
until the focus of its lenses falls upon the object, the 
light having been previously reflected in the proper 
direction by the flat mirror. 

The illumination of opaque objects must be more or 
less one-sided ; and in most cases it is desirable that it 
should be so. An illumination on any or every side, 
however, is obtained, provided the object is not too 
large, by means of the Lieberkuhn (Fig. 80). This is 
a silvered cup, which slides upon the front of the 
object-glass ; and light thrown upwards by the mirror 
will be reflected by it down upon the object. It will 
then be found that, by slightly varying the inclination 
of the mirror, every necessary alteration in the direc- 
tion of the illumination can be obtained. The Lieber- 
kuhn here shown is intended for the one-inch object- 
glass. It is in most cases necessary, when using the 
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Lieherhuhn, to slide a dark well (Fig. 81) under the 

stage, to prevent any light entering the object-glass 

direct from the mirror. 

Dark-field Illumination is, to appearance, a means of 
seeing a transparent object as an opaque 
one. The principle, however, is that all the 
light shall be thrown under the object, but 
so obliquely, that it cannot enter the object- 
glass unless interrupted by the object. This 

is best accomplished by Wenham's Parabolic Reflector 

(Fig. 82). 

It may be easily understood by reference to Fig. 83, 
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which represents it in section a b c, enlarged, and 
shows that the rays of light r r r", entering perpen- 
dicularly at its surface c, and then reflected' by its 
parabolic surface A b to a focus at r, can form no part 
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of the largest pencil of light admitted by the object- 
glass and represented by g f h; but an object placed 
at F will interrupt the rays and be strongly illumiaated. 
A stop at s prevents any light from passing through 
direct from the mirror. 

In this microscope, the parabolic reflector fits under 
the stage by the tube a (Fig. 84), and the adjustment 
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of its focus upon the object (which is when its apex 
almost touches it) is made by giving it a spiral motion 
when fitted in ; that is, carefully pushing it up or down 
at the same time that it is turned round by the milled 
edge B K (Fig. 82). As the rays of light must be parallel 
when they enter it, a flat mirror, which in this case 
should be added to the instrument, is generally used ; 
daylight will then require only direct reflection, but the 
rays from an artificial source will have to be made 
parallel, by putting the condenser between the light 
amd the mirror, about If inch from the former, and 
4 J inches from the latter. Nearly the whole surface 
of the mirror should be equally illuminated, which may 
-be tested by temporarily placing upon it a card or piece 
of white paper. Parallel rays can also be obtained 
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from tlie concave mirror, if the light is put about 
2J iaches from. it. 

The Application of Polarised Light. — Polarised light, 
invaluable to some microscopists, and to others a beau- 
tiful appliance by which manj' objects otherwise almost 
invisible are shown in every imaginable colour, can be 
applied to this microscope by the following apparatus : 
— A Nicol's prism as a polariser A (Fig. 84) fits, and 
can be turned round, under the stage; another prism, 
B, slides in the place of the cap of either eye-piece, and 
also revolves ; or by unscrewing its outer tube c, and 
its cap d, it screws, as e, in the place of the back stop,/, of 
either object-glass, and then the object-glass, together 
with the prisms, is attached to the nose-piece of the 
microscope by the adapter h, which has a revolving 
fillet at h. When the prism b is over the No. 2 eye- 
piece the field of view is considerably cut ofi"; and 
although it is not so when the prism is screwed above 
the object-glass, yet the definition is then somewhat 
impaired ; its position, therefore, must be regulated by 
the character of the object. When only alternate black 
and white images are given by the prisms alone, a plate 
of selenite, g, will produce coloured ones. 

To Draw by the Camera Lucida.^-To draw an object 
the camera lucida is used. It slides on in the place of 
the cap of either eye-piece, with its flat side uppermost, 
as shown in Fig. 85. The body of the microscope 
must be in a horizontal position, and the whole instru- 
ment has to be raised until the edge of the prism is 
exactly 10 inches from a piece of paper placed upon 
the table. If the side of the case be used for this pur- 
pose, the proper distance is exceeded by three-quarters 
of an inch ; but the paper may easily be raised this 
amount by some pad. The light must be so regulated 
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that no more than is really necessary is upon the object, 
whilst a full light should be thrown upon the paper. 
Only one eye is to be used ; and if one-half of the pupil 
be directed over the edge of the camera lucida or prism 
the object will appear upon the paper, and can be 





Fig. g5. 

traced on it by a pencil, the point of which will also 
be seen. Should any blueness be visible in the field, 
the prism is pushed too far on, and should be drawn 
back until the colour disappears. Substituting in the 
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place of tlie object a piece of glass ruled into lOOths 
and IjOOOths of an inch, termed a micrometer (Fig. 86), 
its divisions can be marked on the same or another 
piece of paper, and by comparing them with the sketch 
the object can be most accurately measured. These 



Fig. 86. 





Fig. 88. 

divisions, also, if compared with a rule divided into 
inches and tenths, will give the magnifying power; 
thus, supposing y-l-g- of an inch when marked on the 
paper measured ItV inch, the magnifying power would 
be 130. 

The Live Box (Fig. 87) hardly needs description ; the 
object is confined between the glass, a, of the lower 
part B, and that of the cap c ; the distance between 
them can be varied by sliding the latter more or less 
on. As the thin glass is only dropped into a slight 
recess in the top of the cap, and is held there by the 
heads of the two screws, it can easily be taken out for 
wiping, or be replaced by another when broken. 

The Glass Trough (Fig, 88), for larger objects in 
water, must be used with its thinner plate of glass b 
in front. The modes of confining such objects, and 
keeping them near the front surface, must vary accord- 
ing to the occasion. For many it is a good plan to 
place a piece of glass e diagonally in the trough, its 
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lower edge being kept in its place by a strip, d, at tbe 
bottom ; then, if the object introduced is heavier than 
water, it will sink till stopped by the sloping plate'. 
Sometimes a yery slight spring, /, may be applied 
behind this plate to advantage, with a wedge, g, in 
front to regulate the depth. 

Arrangements are made for all those parts which 
may require cleaning. Thus, the parabolic reflector 
unscrews from the tube ; the Nicol's prisms will push 
out of their iittings ; and the camera-lucida prism can 
be taken out by turning aside the plate that covers it. 

When the movement of the object requires greater 
nicety than a direct action from the hand can give, 
the plain stage may be 
taken off, and replaced 
by a stage with mechanical 
movements (Fig. 89). By 
this arrangement, the 
plate a, with a fitting 
sliding up or down, will 
receive the object, which 
can also be moved side- Kg. 89. 

ways; these two movements forming a quick adjust- 
ment, the slower movements in rectangular directions 
being given by turning the milled heads h and c, which, 
for convenience in use, are placed on the same spindle. 
For rotation of the object, the whole stage may be 
turned upon the bottom stage-plate, which is central 
with the body, and consequently the part of the object 
that is under examination wifl always remain ia the 
field of view diiring the rotation. 

The magnifying power of this microscope varies, 
according to the object-glasses and eye-glasses used, 
from 40 times to 350 times the linear dimensions of the 
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object, or from 1,600 times to 122,500 times the super- 
ficial dimensions of the object. 

Various Forms of the Microscope. — In order to adapt 
microscopes to the convenience and the ease of ob- 
servers, various methods of mountiug are adopted, 
depending on the purposes to which they are applied, 
their price, and the skiU and taste of the maker. It 
is desirable that the stand and mounting possess sim- 
plicity of construction, portability, smoothness, and 
precision in the action of all the moving parts, and 
such a form of construction as may cause any vibration 
imparted to the stand to be equally distributed over 
every part of the mounting. These objects are com- 
pletely attained in all the mountings of the best 
English and continental makers. The opticians in 
London who have become eminent as makers of micro- 
scopes are — Mr. Ross, Smith and Beck (now R. & J. 
Beck), Mr. DaUmeyer, Home and Thornthwaite, and 
Mr. PiUischer. 

The Telescope. 

Principle of the Instrument. — The telescope is an 
optical instrument for viewing distant objects, by in- 
creasiag the apparent angle under which they are seen 
without its assistance ; and hence the effect on the 
mind of an increase in size or a magnified representation 
of the object. The word " telescope " is derived from 
two Greek words, which signify "at a distance," and " I 
view." The invention o^ the telescope is one of the most 
important acquisitions that the sciences ever attained, 
as it unfolds to our view the wonderful mechanism of 
the heavens, and enables us to obtain data for astro- 
nomical, nautical, and engineering purposes. 

The principle is identical with that of the compound 
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microscope. An. image of tlie object is produced by 
means of a concaTe reflector or a conTerging lens, and 
tbis image is» viewed witb a microscope composed of 
one or more converging lenses. Telescopes consist, 
therefore, of two classes, reflectors and refractors ; in 
tbe former tbe image is produced by concave reflectors, 
and in tbe latter by lenses. 

Tbe simplest construction of tbe telescope consists 
of two convex lenses so combined as to increase tbe 
apparent angle under wbicb distant objects are seen. 
If we take a convex lens, of say 8 incbes' focus, as an 
object-glass, and anotber, of say 2 incbes' focus, as an 
eye-glass, and place tbem at a distance apart equal to 
tbe sum of tbeir foci, or 10 incbes, we obtain a tele- 
scope suitable for viewing distant objects transmitting 
parallel rays ; but wben tbe object is comparatively 
near, tbe distance between tbe two lenses must be in- 
creased to adjust for distinct vision ; on tbis account 
tbe eye-glass is mounted in a tube, sliding witbin 
anotber tube, in wbicb tbe object-glass is fixed, and, 
tberefore, can be drawn out for near objects. 

The Astronomical Telescope. — Tbe common astrono- 
mical telescope, sbown in Fig. 90, is of the same prin- 
ciple of construction as that just described. It consists 




of two convex lenses a b, c d, tbe former of which is the 
object-glass, and tbe latter tbe eye-glass, from being 
near the eye e. w w is an image of any distant object 
M N. Huygens made a telescope on this principle, of 
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which the focus of the object-glass was 123 feet in 
length, and the diameter of the aperture 6 inches, the 
focal length of the eye-glass being 6^ finches. "With 
instruments 12 and 24 feet long he discovered the ring 
and the fourth satellite of Saturn. In order to use 
object-glasses of great focal length without the in- 
cumbrance of long tubes, or incurring cost, Huygens 
placed the object-glass in a short tube at the top of a 
very long pole, so that the tube could be turned in any 
direction upon a ball and socket by means of a cord, 
and brought into the same line with another short 
tube containing the eye-glass which he held in his 
hand. The magnifying power of the astronomical 
telescope is found by dividing the focal length of the 
object-glass by that of the eye-glass. 

The Oalilean Telescope. — This telescope, which was 
the one used by the illustrious Q-alileo, from whom it 
derived its name, difi'ers in nothing from the astrono- 
mical telescope excepting in a plano-concave or 
double-concave eye-glass c d (Fig. 91) being substi- 
tuted for the convex one. 
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rig. 91. 

Opera Glasses.' — From the nature of the construction 
of the Gralilean telescope, it is susceptible of but little 
improvement ; hence it is seldom used except for opera- 
glasses, in which the shortness of it's construction 
renders it available. The distance between the two 
lenses is equal to the diflference of their focal lengths, 
and the magnifying power is in the ratio of their foci, 
as in the astronomical telescope. - « 
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The Newtonian Telescope. — A longitudinal section of 
this instrument is shown in Fig. 92. It was invented 
by Sir Isaac Newton, from whom it derives its name. 

A B is a concave mirror, and m n the inverted image 
which it would form of the object from which the rays 
M N proceed. But before the light reflected by the 
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mirror a b reaches the image m n, it is received upon a 
plane reflector c d, placed at an angle of 45° with the 
axis of the telescope. The image ni n is thus formed 
at the side, so that we can magnify this image with an 
eye-glass e, which causes the rays to enter the eye 
parallel. In this case the observer examines the object 
by looking in at the side of the telescope in a direc- 
tion at right angles to its length. 

On account of the great loss of light caused by 
reflection in the Newtonian telescope, Sir David 
Brewster has proposed an achromatic prism formed ol 
crown and flint glass as a substitute for the mirror c d, 
by which the image is refracted in an oblique direction 
to the axis of the instrument. 

The original telescope constructed by Sir Isaac New- 
ton's own hands is preserved in the library of the 
Royal Society, London. 

Serschelian Telescope. — Sir William Herschel, after 
having constructed several reflecting telescopes on the 
Newtonian principle, varying from seven to twenty feet 
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in lengtb, completed' in 1789 his forty-feet telescope, by 
vrhicli, on the very day it was completed, he discovered 
the sixth satellite of Saturn. The great speculma of 
this telescope measured 4 feet in diameter, and the area 
of its reflecting surface was consequently 12'666 square 
feet, its thickness being 3| inches, and its weight 1,050 
lbs. The open end of the telescope being directed to 
that part of the heavens under observation, and the 
speculum being -fixed at its lower end, the observer was 
suspended in a chair, so as to be able to look over the 
lowest edge of the opening. As the speculum was a 
little incHned to the axis of ]the tube, the image was 
formed at about two inches from the lowest part of the 
edge of the opening, where it was viewed by the 
observer with suitable eye-pieces. 

The great quantity of light obtained by this speculum 
or mirror enablfed its celebrated constructor to use a 
magnifying power of 6,450 when examining the fixed 
stars ; a power which greatly exceeded any which had 
been previously employed. 

The telescope was mounted on a platform, which 
revolved in azimuth, or horizontally, on rollers. It 
was placed between four ladders, which served both' as a 
framework for its support and as a means of reaching 
the upper end of- the great tube. The ladders were 
united at the upper ends by being bolted to a cross-bar, 
to which the pulleys were attached. The telescope was 
raised or lowered by one system of pulleys, and the 
gallery in which the observer stood by another. The 
pulleys were worked by a windlass placed on the plat- 
form. As the frame of this instrument had decayed, 
it was taken down and another telescope of smaller 
size erected in its place by Sir J. F. W. Herschel, with 
which many important observations have been made. 
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The Mosse Telescope. — The largest and most potv'erful 
m'sttument of celestial invesiiigation evef constructed 
was made by the late Lord' Eosse;, at J*arsoiistown, 
Ireland. The clear aperture is six feet id diatneter, 
and consequently the area of its reflecting surface is 
28-274 square feet, whilst that of Herschel's great 
telescope was only 12-566 square feet. The tiihe is 
52 feet in length. This instruihStit id so constructed 
that it m'ay be used either as a Newtonian telescbpe — 
that is, the rays proceeding albhg the alsis of the great' 
speculum are received at an angle of 45° upon a second 
small speculum, by which the image is throw^ towards 
the side of the tube where it is examiiaed by the eye- 
piece- — or 6f3ief\Wse. T?wo specula have been provided 
for the telescope, one of which weighs 3|' and the other 
4 tons, composed of copper and tin, iii the proportion 
of 126 parts by -B^eight of the former to 57^ of tte 
latter. 

When directed towards the south the tube can be 
lowered until it is nearly horizontal'; towards the 
north it can only be lowered to the altitude of the piole. 
It is so coxmterpoiSed as to b& moved' with ease in the 
required direction. 

"I have enjoyed the gi'eat privilege of seeing; this 
noble instruiiient," says Sii* David Brewster, "one of 
the most wonderM combinations of art and science 
that the world has yet seen. I have in the morning 
walked again, and again, and' ever with new delight, 
along its mystic tube, and in the evening, with its dis- 
tingiiished inventor, pondered over the marvellous 
sights which it discloses — ^the satellites, and belts, and' 
rings of Saturn ; the old and the new ring, which is 
advancing with its crest of waters to the body of the 
planet ; the rocks, and mountaiiis, and valleys, and 
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extinct volcanoes of the moon ; the crescent of Venus, 
with its mountainous outline ; the system of double 
and triple stars; the nehulae and clusters of stars of 
every variety of shape ; and those spiral nebular forma- 
tions which baffle human comprehension, and consti- 
tute the greatest achievement of modern discovery." 

Nasmyth's Telescope. — In this instrument, invented 
by Mr. James Nasmyth, of Manchester, the rays, after 
reflection from the great speculum, are received either 
upon a small speculum or prism placed in the axis of 
the tube between the focus and the great speculum. 
By the small speculum or prism the rays are reflected 
at right angles to the axis of the tube, and the image 
is formed in a small tube inserted in one of the trun- 
nions upon which the instrument turns, where it may 
be viewed by an eye-piece as usual. This arrangement 
possesses the important advantage that while the great 
tube is moved in altitude, the small tube in the trun- 
nion .is fixed, so that the observer can survey the whole 
meridian or any other vertical circle without changing 
his place. 

By means of a turntable, like those used on rail- 
ways, the instrument is moved in azimuth, or hori- 
zontally. Upon the upper surface of the turntable 
the frame supporting the instrument and the seat of 
the observer are placed. Every requisite mo'tion can 
be given to this telescope by the observer himself. 

Binocular Telescope. — In Pig. 93 is shown a binocular 
telescope and case with straps It may be used for 
marine, military, racing, or tourist purposes, and is 
very portable and convenient. By tumiag the screw 
between the two tubes, the two eye-glasses are brought 
to the proper focus at the same time. 

ITie Stereoscope is an optical instrument of modem 
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invention for representing in apparent reKef and so- 
lidity all objpcts, by combining into one image two plane 
representations of these objects, as seen by eacb eye 




Fig. 98. 



separately. The stereoscope has been made in different 
forms, the most general being binocular — that is, 
applied to both eyes, as shown in Fig. 94. It consists 




Fig. 9-1. 



of a pyramidal box, blackened inside, and having a lid, 
c D, for the admission of light when necessary. The 
top of the box consists of two tubes ; in one of which, k. 
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is an eye-glass to be used by the right eye, and in the 
other tube, l, is an eye-glass to be used by the left eye. 
The tubes containing the eye-glasses are sometimes so 
constructed as to suit different persons whose eyes are 
more or less apart, and move up and down to suit 
eyes of different focal lengths. A great yariety of very 
beautiful binocular pictures have been taken photogra- 
phically, suitable for the etereoscppe. These pictures 
are called " slides." If we put one of these slides into 
the horizontal opening s, and place ourselves .^ehind 
R 1, we shfill see, by looking through r w;i]th ,the right 
eye, and L with the left eye, the two picture^ on the 
slide CQinbined in one, and in the same Te]^j^ as the 
object or scene they represent. 

The name " stereoscope " is derived from two Greek 
words, one of which signifies " soKd," and the other 
"to see." 

The lenses of the stereoscope are formed by cutting 
a double-convex lens abcd (Fig. 95) in two by a 
plane, b d, passing through the centre 
of the lens. Two optieally eccentric 
lenses are then c^t out of these, so 
that the diameter ^f each shall be 
equal to the radius ,of the original 
lens. A section of the original lens 
is shown in Fig. 96, from which it 
wlU appear that the tw.o optically 
eccentric lenses a e, e c will have 
their thickest part a:t e, ^nd their 
thinnest at a and c, while the geo- 
metrical centres are at f and g. 

If the two lenses A e, e c be set with their edges a 
and c towards each other in the two eye-holes k, l 
(Fig. 94), whose distance apart is equal to that of the 
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eyes, and let a slide be placed before them at a distance 
equal to their common focal length, the two pictures on 
the slide will be made to coincide and unite in one by 
the refraction of the lenses, and the eyes will see the 
combined picture in stronger relief than if the original 
object were placed before them. 

The author of this treatise has recently seen a new 
design of a binocular stereoscope, made at the manufac- 
tory of Mr. Meagher, 21, Southampton Row, London, 
which is likely to become very popular, as it can be 
sold at a very low price, and thus brought within reach 
of the great mass of the people, aJffording them at the 
same time both innocettfc 'recreation and instruction of 
the highest order. 

Revolving or Magazine StereosWpe. — ^This is an arrange- 
ment for the exhibition of a number of' slides, varying 
from 25 to 100, according to the price, at evening par- 
ties and social gatherings. By means of a handle, 
which revolves, a fresh picture is presented to the 
observer at every half-turn of the handle. 

The Cfraphoscope. — This is an .optical instrument, 
shown in perspective in Fig. 97, for viewing large and 
small photographs, stereoscopic slides, drawings, medals, 
engravings, and other objects of art. The most minute 
details are caused to appear singularly clear and vivid. 
It further serves as an easel, upon which any work 
requiring a magnifying glass may be executed. 

To open it for viewing objects, raise the platform 
— under which is the large lens sliding on two brass 
rods — to the inclination desired. Turn the lens 
to the position in the diagram, and adjust it to a 
suitable height. Raise the easel perpendicular with 
the platform, and place the object upon it. The brass 
arms can extend the field of view. The required focus 
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is obtained by moTing with, tbe two bands tbe easel 
along the groove through the middle of the board 
towards the lens. 

To convert it into a stereoscope, put back the lens 




Fig. 97. 

into its place under the platform, and raise up the frame 
with the two stereoscopic lenses. Move the easel so as 
to suit the, vision. This is all that is required for 
opaque slides. For transparent slides, raise the folding 
camera whicli is under the frame. A small ring with 
elastic band fastens the camera to the frame, and 
makes it stand firm. Place the transparent object on 
the easel, and obtain the focus as before. Transparent 
objects require good light immediately behind the 
easel ; by day the sunlight ; by night a lamp. 

The Kaleidoscope. — This optical instrument, invented 
by Sir David Brewster, is for the purpose of producing, 
in endless number and variety, beautiful forms, and 
exhibiting them so that they may be copied and 
rendered permanent in various kinds of manufacture. 
It consists of two oblong pieces of looking-glass placed 
edge to edge, and inclined to each other at an angle of 
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60". Thus arranged, they are fixed in a tube of tin or 
brass of suitable size, an end* view of which is shown 
in Fig. 98, where the circle a c b represents the tube, 
and A B and a c the ends of the pieces of glass. One 
end of the tube is covered with two discs of glass, be- 
tween which objects are placed loosely, so that they 
can fall from side to side and assume an infinite variety 
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of casual positions. The outer disc is of ground-glass, 
to prevent the effect being marred by the view of ex- 
ternal objects. The other end of the tube is covered 
by a diaphragm with a small eye-hole in its centre, 
through which the observer looks at the objects con- 
tained in the cell between the discs at the other end. 
Not only are the objects seen, but their reflection also 
in each of the inclined glasses ; and when the angle 
of inclination is 60®, the object will be seen five times 
repeated, in positions symmetrically disposed round the 
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line formed by the edges at ■which, the glasses touch 
each other. 

The ohserver, looking through the eye-hole of the 
kaleidoscope, sees a circle whose apparent diameter c c"" 
is twice A c, the breadth of the looking-glass. The 
circle is divided into six angular spaces, two of which 
are the first reflections, and other two the second re- 
flections of the inclined glasses. The other two con- 
sist of the actual space included between the glasses, 
and a similar space opposite to it, which receives at the 
same time the third reflection of both glasses, which 
overlie each other and appear as only one image. 

For the purpose of extending the power of the 
kaleidoscope, and introducing into symmetrical pictures 
external objects, whether animate or inanimate, the 
inventor applied a convex lens l l (Fig. 99), by means 
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of which an inverted image of a distant object, n n, is 
formed quite close to A b c, the ends of the reflectors. 
In this construction the lens is placed in one tube and 
the reflectors in another ; so that by pulling out or 
pushing in the tube next the eye e, the images of 
objects at any distance can be formed at the place of 
symmetry, that is, near the ends of the reflectors. 

Varieties of Form. — The kaleidoscope may be con- 
structed with the reflectors inclined at any angle which 
is in an aKquot part of 360°. 

The Quadrant is an optical instrument, used by 
officers in the royal and merchant navies, for the pur- 
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pose of asoertaming the altitude of the sun,' moon, &c., 
with the view of finding the latitude and. longitude of 
a ship at sea. The quadrant is shown. in Fig. 100. 
A B is the limb, divided into degrees, &,o. ; c is the 
vernier, attached to the bar d, which revolves on a 
pivot at the centre of the limb, and carries a microscope. 
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E, for reading the angle ; f is a mirror, also attached to 
the bar D, which reflects the sun or moon to the 
horizon ; g is another mirror, the half of which is not 
silvered, so that half the disc of either luminary may 
be seen reflected from it by the telescope h, and the 
other half of the disc seen at the same time to touch 
the "distant horizon, where s^y and water apparently 
meet. When the lower edge of the disc, or "lower 
L'mb," touches the horizon, the angle, as shown by the 
vernier, is then read off which is the angle of altitude 
st the time, allowance bping made for "dip" and 
atmospheric refraction. 
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Sextants and Octants. — These optical instruments 
are used for the same purpose as the quadrant, and are 
similarly constructed in all respects, excepting that the 
limb of the quadrant embraces a greater angle. 

The Theodolite is an optical instrument, shown in 
Fig. 101, used by engineers and land-surveyors, for the 
purpose of measuring horizontal and vertical angles. 
It consists essentially of a circular plate or limb, sup- 
ported in such a manner as to be horizontal, and 
divided on its outer circumference into degrees and 
parts of degrees ; the vertical semicircular Hmb, for 
measuring vertical angles ; and the parallel plates, in 
the ilower of which is a female screw, adapted to the 
staff-head, which is connected by brass joints with 
three mahogany legs, so constructed as to shut together 
and form one round staff — a very convenient form for 
portability, and, when opened out, to make a very firm 
stand, be the ground ever so uneven. 

The horizontal limb is composed of two circular 
plates, L and v, which fit accurately one upon another. 
The lower plate projects beyond the other, and its pro- 
jecting edge is sloped off and graduated at every half- 
degree. The upper plate is called the vernier plate, 
and has portions of its edge sloped off, so as to form 
with the sloped edge of the lower plate continued por- 
tions of the same conical surface. These sloped por- 
tions of the upper plate are graduated to form the 
verniers, by which the limb is subdivided to minutes. 
The five-inch theodolite represented in the figure has 
two verniers 180° apart. The lower plate of the hori- 
zontal limb is attached to a conical axis passing through 
the upper parallel plate, and terminating in a ball 
fitting in a socket upon the lower parallel plate. This 
axis is hoUowed to receive a similar conical axis, ground 
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accurately to fit it, so that the axes of the two cones 
may be exactly coincident. To the internal axis, the 
upper or vernier plate of the horizontal Hmb is attached, 




Fig. 101. 



and thus, while the whole limb can be moved through 
any horizontal angle required, the upper plate only can 
also be moved through any desired angle, when the 
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lower plate is fixed by means of the clamping screw c, 
Whioli tigHtenfe the collar d. t is a slow-motion screw, 
wluch moves the whole limb through a small space, to 
adjust it more perfectly, after tightening the coUar d 
by the clamping screw c. There is also a clamping 
screw, c, for fixiag the upper plate to the lower, arid a 
tangent screw; t, for giviag the uppSi*^ plate a slow 
motion, upon the lo'^Br'when so clampedl Two spirit 
levels, B B, are plaefed upon! the horizontal limb at right 
angles to each other, and a compass g is also placed 
upon it in the centre between the supports, f f, of the 
vertical limb. 

The vertical littib n n is graduated on one side at 
every 30 minutes, each way from to 90°, and subdi- 
vided by the vernier, which is fixed to the compass box, 
to single minutes, tfpbn the oASFside is engraved 
the number of links to be deducted'&om each chain for 
various angles of inclination, in order to reduce distances 
measured on ground rising or falling at these angles to 
the corresponding horizontal distances. The axis a of 
this limb must rest in a position truly parallel to the 
horizontal limb upon the supports f f, so as to be hori- 
zontal when the horizontal limb is set truly level, and 
the plane of the limb n n must now be perpendicular 
to its axis. On the top of the vertical limb n n is 
attached a bar that carries two'Ts (so called from their 
shape), for supporting the telescope, which is secured 
by two clips o d, and underiieath the telescope is a 
spirit level s s, attached to it at one end by a joint, and 
at the other by a capstan-headed screw. The horizontal 
axis A .can be fixed by a clamping screw c ; and the 
vertical limb can then be moved' through a small space 
by the slow'-motion screw i. 

The Transit. — This name is applied to two difierently 
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constructed optical instrtonente, one of which is used 
by astronomei's to obsei've the transit of planets and 
stars across the meridian ; the other, shown itt Kg. 102, 




Vig. 102. 



is used by civil engineers and land surveyors for measur- 
ing angles as with the theodolite. The transit used by 
the latter differs from the theodolite principally in this 
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respect — that in the transit the telescope can turn comr 
pletely over, so as to look both backward and forward, 
while in the theodolite it cannot do so without taking 
it out of the Ts, or causing the whole of the instrument 
above the upper plate of the horizontal limb to revolve 
through an angle of 180°. In the United States and 
Canada the engineer's transit has almost entirely sup- 
planted-the theodolite. 

The Spirit Level is an optical instrument used by 
engineers, surveyors, &o., for the purpose of finding 
the difference of heights between two or more places. 
Spirit levels differ more or less in their construction, and 




Tig. 103. 



have therefore received different names, such as the T 
level, Troughton's, and Gravatt's level, or the "Dumpy." 
The last is shown in Fig. 103. They all essentially con- 
sist of a telescope to which a spirit level is attached, rest- 
ing on a horizontal bar. The parallel plates and tripod 
are exactly like those of the theodolite already described. 
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Optical Toys. — ^A great variety of optical toys owe 
their effects to tlie continuance of impressions upon 
tlie retina after the objects which produced them have 
altered their positions. Toys of an amiising character, 
called thaumatropes, phantaskopes, phenakistoscopes, 
iScc, are constructed upon this principle. A moving 
object which assumes different positions in performing 
any action is represented in the successive divisions of 
the circumference of a circle in the successive positions 
it assumes. By causing the disc to revolve, these 
pictures are brought in rapid succession before an aper- 
ture through which the eye is directed, so that the 
pictures representiag the successive attitudes are ■ 
brought one after another before the eye at such 
intervals that the impression of one shall remain until 
the impression of the next is produced. In this manner 
the eye never ceases to see the figure, but sees it in such 
a succession of attitudes as it really assumes. 

The Phenakistoscope, or Magic Circle, is a beautiful 
and amusing instrument on the same principle. It 
consists of a circidar disc of cardboard, or other 
material, eight or ten inches in diameter, having twelve 
slits placed at equal distances in its margin, and in the 
direction of its radii. This disc can be made to turn 
rapidly about its axis ; and if we look into a mirror 
through one of the slits when it is revolving, they 
will appear to stand still in the mirror, owing to the 
motions of the object and its image being equal and 
opposite. If a figure were placed beneath each slit, 
each figure seen in the mirror would be stationary. 
If the figures were eleven in number, instead of twelve, 
they would appear to move in one direction ; and if 
they were thirteen, they would appear to move in the 
opposite direction. Let us now suppose twelve gates to 

P 
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be drawn on a separate disc smaller than tlie main 
one, and placed upon it so as not to interfere with its 
slits ; these gates will stand still during the revolution 
of the disc. If we then place thirteen horses with their 
riders near the gate, one horse just before he begins to 
leap, the second horse with its fore-legs raised from the 
ground, and all the other horses in the different posi- 
tions of leaping, till the thirteenth horse reaches the 
ground, the effect will be that each horse and its rider 
will come up to the slit through which we look faster 
than the gate ; and as each gate arrives, the horse will 
have advanced -^ of iV of the circumference of the 
disc ; that is, in one complete revolution it will have 
moved forward through rt of the circle. Had there 
been eleven slits it would have moved backwards. 
Now during this motion the horse has taken thirteen 
different positions in succession, and therefore leaps the 
gate. 

In like manner, there are twelve hedgerows, with 
several hounds, each of which is represented in thirteen 
different positions, so that they appear in the act of 
crossing the hedges, and we have exhibited before us 
a portion of a fox-huntiag scene which produces a very 
agreeable excitement. 

The Anorthoscope is an optical instrument, by means 
of which two discs, revolving with different velocities, 
rectify, or make regiJar, and multiply an extremely 
shapeless and irregular figure. This instrument, and 
also the phenakistoscope, were invented by M. Plateau, 
who might easily have invented simpler names for 
them. 
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CHAPTER X7II. 

THE PRINCIPLES OF OPTICS APPLIED TO VARIOUS 
USEFUL PURPOSES. 

Photo-zincography. — One of the most useful appH- 
cations of tlie laws of optics is that of producing a 
photographic facsimile of any subject, such as a manu- 
script, a map, or a line engraving, and transferring 
the photograph to zinc, thereby obtaining the power 
of multiplying copies in the same manner as is done 
from a drawing on a lithographic stone, or on a zinc 
plate. This process is called photo-zincography. 

The first part of the process concerns the production 
of a negative photograph on glass of the object of 
exactly the same size as the original. This is obtained 
by the ordinary wet collodion process. When the lens 
and camera are in adjustment, the plate is covered 
with the sensitive coating, exposed, developed, and 
fixed in the ordinary way, and then immersed in a 
saturated solution of chloride of mercury (corrosive 
sublimate.) When well whitened by the action of the 
salt, it is removed, washed with water, and then with a 
solution of hydrosulphate of ammonia, consisting of 
ten parts of water to one of hydrosulphate of ammonia 
of commerce. 

In this maimer the ground of the negative is ren- 
dered extremely dense, without affecting the clearness 
of the detail. When dried and varnished it is ready 
for use. 

The quality of the paper used is a point of much 
importance. That which has been found best suited 
for the purpose is a semi-transparent kind, with a 
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smootli surface, known by the name of engrayers' 
tracing-paper. 

Solutions of gum arabic and bichromate of potassa 
are prepared by dissolving one part by weight of gum 
arabic in two parts distilled water, which may be called 
solution A ; and 1 oz. of bichromate of potassa in 10 oz. 
distilled water, which may be called solution b. When 
required for use, one part by measure of solution a is 
mixed with two parts of solution b, and the paper i§ 
coated over evenly with the mixture by a flat camel- 
hair brush, and dried. It is then exposed under the 
negative in the usual way. The time required for 
printing varies from ten minutes in diffused light to 
two minutes in sunlight. When all the details appear 
distinct it should be removed. 

The next step is the coating of the whole suriace of 
the print with an even layer of a greasy ink, which is 
of two kinds; the nature of the object photographed 
determining what kind is to be used. If it is, for 
instance, a line engraving of a close nature, a thin ink 
is applied ia the smallest possible quantity to prevent 
clogging; if, on the other hand, the object is of an 
open nature, as in manuscript printing, a thick ink with 
more tenacity is employed. The thin ink is composed 
of 5 oz. of middle linseed-oil varnish, and 1 oz. of lamp- 
black. The thick ink of 2 oz. of middle linseed-oil 
varnish, 4 oz. of wax, J oz. of tallow, J oz. Venice tur- 
pentine, J oz. of gum mastic, and IJ oz. of lampblack. 
In order that the ink may form an even coating on 
the paper, a zinc plate is charged with it by means of 
a roller, taking care to cover the plate as thinly but 
as evenly as possible. The paper is laid face down- 
wards on the plate, passed through a lithographic 
press two or three times, and then removed from the 
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plate. It is next placed with the inked surface upwards 
in a flat porcelain dish — about an inch deep, half full 
of warm water, to which has been added about a tea- 
spoonful of thick gum Water — and passed down to tht 
bottom, where it is retained by holding down a corner 
with a glass rod. The surface is gently brushed, while 
underneath the water, with- a flat camel-hair brush, 
and the ink wiU quickly be removed where it over- 
lies the soluble gum, while it will be retained on the 
parts which constitute the image, and where the action 
of the light penetrating the transparent portions of 
the negative has rendered it insoluble. As soon as 
the whole of the inV has been removed from the 
ground of the print, the water is poured off and cold 
water is poured in, and made to flow backwards and 
forwards over it to remove the gum. After two or 
three washings in this manner it is hung up to dry, 
and when dry it is ready for transferring to zinc or 
stone. 

The process of transfer is of two kinds, varying with 
the nature of the ink which has been used. If the 
thin ink has been applied, the print is transferred by 
the "anastatic" process. For this purpose the surface 
of the zinc plate is polished with emery powder, and 
made as smooth as possible. The print is placed, for 
about ten minutes, between sheets of paper which have 
been damped as uniformly as possible with a mixture 
of nitric acid and water, in the proportion of five parts 
of water to one of concentrated acid. A sheet of paper 
damped with the acid is laid on the zinc plate, and both 
are passed between the cylinders of a copper-plate 
printing press, and the acid being forced on to the zinc, 
slightly etches the surface. The paper is then taken 
off, and the film of nitrate of zinc formed on the plate 
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is carefully cleared off with a handful of blotting-paper. 
The print is next laid on its face downwards, and both 
are passed once through the press. The paper is then 
pulled off, and the transfer is gummed and brought up 
by going lightly over the surface with a sponge dipped 
in printing ink softened with olive oil. As soon as all 
the detail appears strong, it is etched with a very weak 
solution of phosphoric acid in gum water, the strength 
of the acid solution being so regulated that a drop 
placed on a smooth zinc plate for three minutes slightly 
tints or dulls the polish. The transfer is then ready 
for printing in the usual way. 

If thick ink has been used in the preparation of the 
print, the mode of transferring is somewhat different. 
The plate is prepared by rubbing the surface with fine 
sand and water and a zinc muller between sheets of 
paper damped as uniformly as possible with water ; it 
is then laid face downwards on the plate, covered with 
two or three sheets of paper, and passed two or three 
times through an ordinary lithographic press. The 
sheets of paper being removed, it is damped at the 
back with gum water till its adhesion to the plate is so 
lessened that it can be easily pulled off. After the 
transfer has been gummed, brought up, and etched as 
in the anastatic process, the ink is cleared off with 
turpentine, and the design is rolled up with printing 
ink. . Impressions can then be taken from it. 

Having described the two methods of transfer, it is 
necessary to treat further of the considerations which 
determine the nature of the ink used, and consequently 
the mode of transfer. 

The action of the warm water, in which the print is 
immersed, on the insoluble gum, is to cause it to swell, 
and the ink which overlies the lines formed of insoluble 
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gum expands likewise. It is evident, tlierefore, that if 
the object photographed is of a close nature, as a fine 
engraving, the expansion of the ink-lines may be suffi- 
cient to bring them into contact while the print is in 
the water ; and, when once they have coalesced, they 
will not again separate when the gum resumes its natu- 
ral size on the drying of the print, and there will be a 
continuous shade of ink instead of lines. In such a 
case the quantity of ink applied should be as small as 
possible, and, to enable a light but even coating to be 
laid on, it must also be thin ; and, as a consequence of 
the small quantity of ink used, the transfer must be 
effected on a smooth plate by the anastatic process, 
because, to make a successful transfer to a grained 
plate, a larger quantity of ink is necessary. 

On the other hand, as impressions from a grained 
plate are, as a rule, better than those from a smooth 
plate, and as a larger number can moreover be struck 
off if the object photographed is so open that there 
does not appear to be any likelihood of the lines 
coalescing in the water, it is better to use the thick ink 
in the preparation of the print, as the use of that ink 
is a sine qua non for the employment of the latter 
mode of transfer. 

National Manuscripts, how Photographed. — ^By the 
process just described, fac-similes and translations of 
the most interesting documents preserved in the Record 
Office, London, have been made by the Ordnance 
Survey Department, Southampton. These documents 
illustrate the changes in the English language, and ia 
caligraphy, from the time of William the Conqueror to 
Queen Anne. 

Scotch National Manuscripts. — The most interesting 
documents preserved in the Register Office, Edinburgh, 
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and in private libraries in Scotland, are being also 
copied by the Ordnance Survey Department in the 
same manner. 

Phota-Uthography. — This process, analogous in prin- 
ciple to lithography, gives very good half-tone, with an 
appearance of very delicate granulation. Insteald of a 
stone or plate with a graiaed surface, the organic body 
employed is left on the plate, and by its absorption of 
moisture in the degree in which it is left soluble, 
enacts the part of a lithographic stone. The process is 
as follows : — A mixture of isinglass, gelatine, and gum, 
evenly spread upon a well-polished metallic surface, 
and previously treated with an acid chromate, has been 
found to give most satisfactory results, as a greasy ink 
adheres well to the gelatinous surface, and is taken up 
in proportionate quantities, according to the intensity 
of the gradations of light and shade. 

To render the organic film sensitive it is treated with 
an acid chromate. The ordinary chromate and bi- 
chromate salts are not suited to the purpose, as they do 
not impart sufficient sensitiveness ; the alkaline tri- 
chromates when used alone are likewise incapable of 
producing perfect impressions, and it is only by adding 
a certain proportion of acid, or some body pessessing a 
strong affinity for oxygen, as formic, gallic, pyrogaUic 
acids, &c., or some soluble salt produced by the last- 
named acids, or even certain reducing salts, as hypo- 
sulphates, sulphates, bisulphates, hypophosphites, phos- 
phites, &G., to the trichromate, that a suitable com- 
pound is obtained. 

After printing the plates are well washed and dried, 
and are then ready for the application of the ink by 
means of a pad or roller, the surface of the film pre- 
senting the appearance of a graduated mould, or an 
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aqua-tint plate without grain. When the ink is 
applied the hallow portions of the plate become recep- 
tacles for the same, while the higher surfaces remain 
uncovered ; the water contained in the pores of those 
parts of the gelatine which have undergone no change 
by the action of the light repels the ink, forming 
minute granules, while the insoluble portions of gelatin© 
(the concaye parts which have been acted upon by the 
light) take up a thin or thick deposit of itik, in propor- 
tion as those parts have been rendered more or less 
impenetrable to water. This, the printing process, is a 
combination of engraving and lithography. Plates 
produced in this manner are capable of furnishing about 
seventy good impressions ; after that number has been 
struck off the prints commence to lose vigour, and become 
somewhat imperfect; but fresh plates are easily prepared. 
Photographic Decorations of Porcelain, Glass, 8fc. — ^A 
very important economic application of photography to 
the decoration of porcelain, glass, &c., with gold, silver, 
and other metals, consists in producing an ordinary 
silver image on a collodion film, and then, by toning 
processes, converting this image into any other metal 
which may be necessary. For a gold design the image 
is toned with chloride of gold ; for a design the colonr 
of steel the image is toned with chloride of platinum ; 
for a black metallic design the image is toned with 
chloride of iridium ; for a brown design the image is 
toned with the chloride of palladium. A design in a 
metal of one colour can be obtained by first toning the 
image by the proper metallic salt, and then saturating 
the film with a solution of some other salt. The col- 
lodion film, treated in the manner indicated, is then 
transferred to the porcelain, and the salt reduced to the 
metallic state by heat. 
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Influence of the Solar Rays on the Growth of Plants. — 
It has been already stated that the solar beam consists 
of three different principles, viz., light, heat, and 
actinism. Seeds will not germinate under the influence 
of light deprived of that principle upon which ehemi- 
cal change depends. Mr. Robert Hunt made some 
experiments with common cress and turnip seed placed 
upon moist earth, and slightly covered with sand. 
One-half of the seed-bed was screened from the rays 
by a blackened board, and the other freely exposed. 
Under the shaded half the germination was between 
two and three days in. advance of the exposed portion. 
This experiment was repeated, using a glass trough, 
containing a weak solution of bichromate of potash 
half an inch in thickness, over the illuminated portion. 
This solution admitted the permeation of 87 parts of 
the luminous, or light rays, 92 of the calorific, or heat 
rays, and 27 of the chemical, or actinic rays; the 
object being to ascertain if any greater retardation was 
produced by the luminous rays, from which the chemical 
principle was to a considerable extent removed, than by 
the pure solar beam, which he regarded as a compound 
of 100 parts of each — light, heat, and actinism. , The 
result was that the seed under the bichromate of potash 
solution, or yellow mediimi, did not germinate until 
five days after the seeds in the dark part of the bed. 

Germination of Seeds entirely prevented. — Upon sub- 
stituting a solution of sulphate of chromium and 
potash, which admitted the permeation of 85 parts of 
light, 92 parts of heat, and only 7 of actinism, the 
germination was entirely prevented in four experi- 
ments; and in the fifth, ten days after the seeds in 
the dark had germinated, half-a-dozen seeds of cress 
showed symptoms of germination. These experiments 
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•were many times repeated, and always with similar 
results. We have thus satisfactory evidence that the 
solar beam, deprived of the principle or power of 
chemical action, arrests the development of the plant 
by preventing the vitality of the germ from mani- 
festing itself. 

The Origin of Vitality in Seeds: — ^In another series of 
experiments on common cress, mignonette, ten-week 
stocks, and minor convolvulus, when from 93 to 95 
parts of actinism, 48 parts of heat, and only 25 parts 
of light passed through, it was found in every instance 
that the seeds influenced by the chemical or actinic 
rays germinated in one-half the time which the seeds 
placed in the dark required. It is evident, therefore, 
that the spring of vitality in seeds is due to some 
power or principle of solar origin, distinct from the 
light-and-heat principle. 

How the Vital Power is exerted. — The manner in 
which this power is exerted in seed beneath the sur- 
face of the soil is not clear at present ; we know not if 
it is a mere disturbance of something already difPused 
through matter, or an emanation from the sun ; all we 
are enabled to declare is, that the germination of seeds 
is more rapid under the influence of the actinic rays, 
separated from the luminous ones, than it is under the 
influence of the combined solar radiations, or in the 
dark. 

The Development of Roots from Plant Cuttings. — In 
the practice of planting cuttings, the use of blue glass 
screens is highly advantageous, as the light and heat 
rays are partly absorbed, whilst the actinic rays pass 
through and accelerate the development of roots. 

Light Rays essential fo the Formation of Woody Fibre. 
— Dr. Daubeny in England, and Dr. Gardner in 



220 OPTICS. 

America, made aumerous experiments, wMeh show 
that the decomposition of carbonic acid increases with 
the increase of light rays, that it is more rapid, nnder 
the influence of the yellow ray than any other, and that 
the largest quantity of Woody matter is found in those 
plants which have had the largest amount of light. 
The author of this treatise, who travelled extensively 
over the United States and Canada, where the settlers, 
in clearing the primeval forests for cultivation, gene- 
rally cut or hew the trees at about three feet above the 
surface of the ground, found, in thousands of the 
stumps he examined, that the radius of the stump from 
the core southward was invariably longer than the 
radius from the core northward, and, further, that the 
thickness of each ring of the stump was greater 
towards the south than towards the north. This clearly 
proves that the direct influence of the solar beam, or 
the directly combined influence of light, heat, and 
actinism, produces more woody fibre than is produced 
by difiused light. 

The Value of Seeds speedily determined by Blue Glass. 
— The commercial value of seeds depends upon the 
extent that the vital principle is active in them. For 
instance, if one hundred seeds of any sort be sown, and 
the whole germinate, the seed will be of the highest 
current value ; but if ninety only germinate, its value 
is about ten per cent, less ; if eighty, then its value falls 
about twenty per cent. Messrs. Lawson, of Edinburgh, 
extensive seed merchants, found that seeds planted in 
a case, the sides and cover of which were formed of 
blue glass, germinated in from two to five days, whereas 
the same kind of seeds sown in a hotbed usually took 
from eight to fourteen days to germinate. 

Scorching prevented at the Royal Gardens at Kew. — 
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The late Sir "Wm. Hooker found tkat the solar beams 
after their passage through white glass at the conserva- 
tory at Kew scorched the foliage of the plants. This 
scorching was prevented by the substitution of a pea- 
green glass stained with oxide of copper for the white 
glass. The pea- green glass admits the passage of suffi- 
cient rays to promote healthy vegetation, but obstructs 
the passage of the rays which produce the scorch- 
ing. 

The Knowledge of Optm useful to the Engineer, Archi-^ 
tect, Sfc. — By the laws of optics combined with a know- 
ledge of practical geometry, the engineer and architect 
are enabled to draw a representation of a building, or 
any other object, in perspective, or as it would appear 
to the eye in any given position. The projection of 
shades and shadows on geometrical elevations and 
sections of buildings, or other objects, is alsp dependent 
on the same principles. 

The Laws of Light applied to the laying of Submarine 
Telegr<jphic Cables. — When the Atlantic cable was first 
laid, the currents of electricity became so feeble as to 
render the motion of the electric needle imperceptible 
to the eye, the operators not knowing whether any 
current was really passing along the cable or not. To 
test this a very small lamp of the lightest possible 
material was constructed with a narrow slit in it to 
permit the light to pass through. This lamp was 
placed on the electric needle with the slit feeing a 
screen placed several feet from it. The light from the 
lamp passing through the slit was projected upon the 
screen as a bright oblong figure ; the smallest motion 
of the needle being imparted to the lamp, caused the 
oblong bright spot on the screen to move over a 
large space, which reacKly indicated whether feeble 
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currents were passing along tlie cable, or had entirely 
ceased. 

The Illumination of Lighthouses. — Of the many useful 
applications of the laws of light there are few that surpass 
in importance their application to the illumination of 
lighthouses for the guidance and protection of mariners. 

Up to the year 1780 the means of illuminatiag 
lighthouses throughout the world generally consisted 
of wood or coal fires or tallow candles. At the period 
mentioned, Argand lamps and paraboloidal reflectors 
were first used in the lighthouse at Corduan, imder the 
directions of the distinguished French" philosopher, 
Borda. This method was found to have heen a decided 
improvement upon the fires and tallow candles. The 
Trinity House of London sent a deputation to France 
to inquire into the system carried out under Eorda, 
who reported favourably of it. In 1787 the old castle 
at Kinnaird-head, Scotland, was lighted by means of 
paraboloidal reflectors of silvered copper and Argand 
lamps ; and in 1807, the tallow candles used at that 
time in the Eddystone Lighthouse, one of the most 
dangerous points on the coast of Britain, were obliged 
to hide their diminished heads by the far more briUiaat 
and effective light of the Argand burners and parabo- 
loidal reflectors. Soon afterwards the system became 
general throughout the United Kingdom. 

The Fresnelian System of illuminating Lighthouses. — 
Many unsuccessful attempts had been made between 
the middle of the eighteenth century and the early part 
of the nineteenth to illuminate lighthouses by means 
of lenses. It is to the genius of M. Augustin Fresnel 
the world is indebted for the excellent system which he 
invented in 1819, and successfully carried out in prac- 
tice three or four years afterwards. 
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Fresnel's system consists of plano-convex lenses 
arranged round a lamp placed in their common focus, 
and in the level of their focal plane, and form, by 
their union, a right octagonal hollow prism. Each 
lens subtends a central horizontal pyramid of light of 
about 46° of inclination, beyond which limits the len- 
ticular action could not be advantageously pushed, 
owing to the extreme obliquity of the incidence of 
light ; but Fresnel at once conceived the idea of press- 
ing into the service of the mariner, by means of two 
simple expedients, the light which would otherwise 
have uselessly escaped above and below the lenses. 

For intercepting the upper portion of the light, he 
employed eight smaller lenses of 600 mm. focal distance 
(19 "68 inches), inclined inwards towards the lamp, which 
is also their common focus, and thus forming by their 
union a frustrum of a hoUow octagonal pyramid of 50° 
of incliaation. The light falling on those lenses is 
formed into eight beams rising upwards at an angle of 
50° of inclination. Above them are arranged eight 
plane mirrors, so inclined as to project the beams trans- 
mitted by the small lenses into the horizontal direction, 
and thus finally to increase the effect of the light. 
Other modifications of the system were invented by 
Fresnel, and adapted to the pecidiar circiimstances in 
which the light was to be used. 

A very important modification of Fresnel's apparatus 
was invented by Mr. Alan Stevenson, engineer to the 
Board of Northern Lighthouses, Scotland. Having 
been directed to convert the fixed catoptric or reflecting 
light of the Isle of May into a dioptric or refracting 
light of the first order, Mr. Stevenson proposed that an 
attempt should be made to construct the belt for the 
refracting part of the apparatus of a form truly cylin- 
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dric instead of octagonal ; and this task was success- 
fully completed by Messrs. Cookson, of Newcastle, in 
1836. The cylindric form is the only one that can 
possibly produce an equal diffusion of the incident 
light oyer every part of the horizon. 

Mr. Stevenson first imagined that the whole hoop of 
refractors might be built between two metallic rings, 
connecting them to each other by cement ; but this 
would make it necessary to build the zone at the light- 
house itself, and would thus greatly increase the risk of 
fracture. He was therefore reluctantly induced to 
divide the whole cylinder into ten arcs, each of which 
being set in a metallic frame, might be capable of being 
moved separately. The chance, also, of any error in 
the figure of the instrument has thus a probability of 
being confined within narrower limits, whUst the recti- 
fication of any defective part became at the same time 
more easy. He also improved the arrangement of the 
apparatus, by giving to the metallic frames which con- 
tain the prisms a rhomboidal instead of a rectangular 
form, by which the amount of intercepted light becomes 
equal in every azimuth. 

Another important improvement in Fresnel's ap- 
paratus was made by Mr. Stevenson, by substituting 
totally reflecting prisms for the mirrors, even in lights 
of the first order or largest dimensions. By this 
arrangement it appeared on trial of the apparatus at 
the Royal Observatory at Paris, that the illuminating 
effect of the reflecting prisms was to that of the seven 
upper tiers of mirrors of the flrst order as 140 to 87. 
Nothing can be more beautiful than an entire apparatus 
for a fixed light of the first order. It consists of a 
central belt of refractors, forming a hollow cylinder 
6 feet in diameter, and 30 inches high ; below it 
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are six triangularly prismatic rings of glass, ranged in 
a cylindrical form, and above a crown of thirteen tri- 
angularly prismatic rings of glass, forming by their 
union a hoUow cage, composed of polished glass, 10 
feet high and 6 feet in diameter. 

The illuminating effect of this arrangement of lenses, 
as measured at moderate distances, has generally been 
taken at 4,500 Argand flames, the value of the great 
flame in the focus being about 16, thus increasing the 
Ulimiinating power nearly 300-fold.* 

The dioptric or refracting system of lights used in 
France is divided into six orders, in relation to their 
power and range ; but in regard to their characteristic 
appearances this division does not apply, as in each of 
the orders lights of identically the same character may 
be found, differing only in the distance at which they 
can be seen, and in the expense of their maintenance. 
The six orders may be briefly described as follows : — 

1st. Lights of the first order, having an interior 
radius or focal distance of 36-22 inches (92 cm.), and 
lighted by a lamp of four concentric wicks, consuming 
570 gallons of colza oU per annum. 

2nd. Lights of the second order, having an interior 
radius of 27*55 inches (70 cm.), lighted by a lamp of 
three concentric wicks, consuming 384 gallons of oil 
per annum. 

3rd. Lights of the third order, lighted by a lamp of 
two concentric wicks, consuming 183 gallons of oil per 
annum, and having a focal distance of 19-68 inches 
(50 cm.). 

4th. Lights of the fourth order, or harbour-lights, 
having an internal radius of 9-84 inches (25 cm.), and 

* For further information on this subject, see Stevenson's " Kudi- 
mentary Treatise on Lighthouses." Weale Series. No. 47. 

Q 
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a lamp of two concentric wicks, consuming about 130 
gallons of oil per annum. 

5tli. Lights of the fifth order, having a focal distance 
of 7-28 inches (18-5 cm.) ; and 

6th. Lights of the sixth order, haying an internal 
radius of 5'9 inches (15 cm.), and lighted by a lamp of 
one wick, or Argand burner, consuming 48 gallons of 
oil per annum. 

These orders are not intended as distinctions, but 
are characteristic of the power and range of lights, 
which render them suitable for different localities on 
"the coast, according to the distance at which they can 
be seen. This division, therefore, is analogous to that 
which separates the lights of the United Kingdom into 
sea-lights, secondary-lights, and harbour-lights, terms 
which are used to designate the power and position, and 
not the appearance, of the lights to which they are 
applied. 

Each of the orders is susceptible of certain combina- 
tions, which produce various appearances and distinc- 
tions, such as — fixed ; fixed, varied by flashes ; re- 
volving, with flashes once a minute ; and revolving, 
with flashes every half-minute, &c. 

It has been found that, in fixed lights, the French 
improved refractiug apparatus produces, as the average 
eflfect of the combustion of the same quantity of oil, 
over the whole horizon, upwards of four times the 
amount of light that is obtained by the catoptric system 
of paraboloidal reflectors. 

Tlie Ventilation of Lighthouses. — The ventilation of 
the lanterns forms a most important element in the 
preservation of a good and efficient light. An ill^ 
ventilated lantern has its sides continually covered with 
the watfir of condensation which is produced by the 
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contact of the ascending current of heated air ; and the 
glass thus obscured obstructs the passage of the rays 
and diminishes the power of the light. 

Professor Faraday's System of Ventilation. — An im- 
portant improvement in the ventilation of lighthouses 
was introduced by Professor Faraday into several of 
the lighthouses belonging to the Trinity House, and 
has since been adopted in all the dioptric lights belong- 
ing to the Commissioners of Northern Lighthouses. 
The following is a description of Professor Faraday's 
apparatus: — The ventilating pipe or chimney is a 
copper tube 4 inches in diameter, not, however, in 
one length ; but divided into three or four pieces ; the 
lower part of each of these pieces for about one and a 
half inch is opened out into a conical form, about five 
and a half inches in diameter at the lowest part. "When 
the chimney is put together, the upper end of the bottom 
piece is inserted about half an inch into the cone of the 
next piece above, and fixed there by -three ties or pins, 
so that the two pieces are firmly held together ; but 
there is still plenty of air-way or entrance into the 
chimney between them. The same arrangement holds 
good with each succeeding piece. When the ventilating 
chimney is fixed in its place, it is adjusted so that the 
lamp-chimney enters about half an inch into the lower 
cone, and the top of the ventilating chimney enters 
into the cowl or head of the lantern. 

With this arrangement it is found that the action 
of the ventilating flue is to carry up every portion of 
the products of combustion into the cowl ; none passes 
by the cone apertures out of the flue into the air of 
the lantern, but a portion of the air passes from the 
lantern by these apertures into the flue, and so the 
lantern itself is in some degree ventilated. 



228 OPTICS. 

The important use of tliese cone apertures is, that 
when a sudden gust or eddy of wind strikes into the 
cowl of the lantern, it shotdd not have any effect in 
disturbing or altering the flame. It is' found that the 
wind may blow suddenly in at the cowl, and the effect 
never reaches the lamp. The upper, or the second, or 
the third, or even the fourth portion of the ventilating 
flue might be entirely closed, yet without altering the 
flame. The cone junctions in no way interfere with 
the tube in carrying up all the products of combustion ; 
but if any downward current occurs, they dispose of 
the whole of it into the room without ever affecting 
the lamp. The ventilating flue is in fact a tube which, 
as regards the lamp, can carry everything up, but con- 
veys nothing down. 

The Advantage Commerce has derived from FresnePs 
System. — Of the many distinguished men of exalted 
genius who have extended the boundaries of human 
knowledge by their inventions, there are but few who 
have conferred greater benefit on commerce and mari- 
time intercourse than Fresnel, who deserves to be 
ranked among those benefactors of the species who 
have consecrated their genius to the common good of 
mankind ; and as long as commercial intercourse sub- 
sists between nations the solid advantages which his 
labours have produced will be felt and appreciated. 
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CHAPTER XVIII. 

ON THE SPECTROSCOPE, AND SPECTRUM ANALYSIS. 

In Chap. IX. the method of analysing solar light 
into its component colours, and forming thereby the 
solar spectrum, the prismatic spectrum, or, as it is 
sometimes called, the Newtonian spectrum, is clearly 
shown. In Chap. XI, it is stated that the spectrum 
so formed is crossed by numerous dark lines parallel to 
each other, and perpendicular to the length of the 
spectrum. These dark lines were not observed by 
Newton, nor were they noticed by any other philo- 
sopher except Melville up to the time of Dr. Wollaston, 
who observed, in the year 1802, only two lines in the 
solar spectrum, which, according to him, is composed 
of but four colours, namely, red, yellowish green, blue, 
and violet. 

In order that the reader may have a correct idea of 
the nature of Dr. Wollaston's observations, it may be 
well to give the description of his experiments in his 
own words, as published in the " Philosophical Trans- 
actions of the Royal Society of London" for 1802, pages 
378 — 380. "If," Dr. Wollaston states, "a beam 
of daylight be admitted into a dark room by a crevice 
■g?-gth of an inch broad, and received by the eye at the 
distance of 10 or 12 feet through a prism of flint glass 
free from veins, held near the eye, the beam is seen to 
be separated into the four following colours only — 
red, yellowish green, blue, and violet. 

" The line a, Fig. 104, that bounds the red side of 
the spectrum, is somewhat confused, which seems in 
part owing to want of power in the eye to converge red 
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light. Tlie line b, between red and green, in a certain 
position of tlie prism, is perfectly distinct ; so also are 
D and E, the two limits of violet ; but c, the limit of 
green and blue, is not so clearly marked 
as the rest, and there are also on each 
side of this limit other distinct dark 
lines, / and g, either of which, in an 
imperfect experiment, might be mistaken 
for the boundary of these colours. 

"The position of the prism in which 

the spectrum is most clearly divided is 

Kg. 104. ■vyhen the incident light makes about equal 

angles with two of its sides. I then found that the 

spaces A B, B c, c d, d e, occupied by them, were nearly 

as the numbers 16, 23, 36, 25. 

" Since the proportions of these colours to each other 
have been supposed by Dr. Blair to vary according to 
the medium by which they are produced, I have com- 
pared with this appearance the coloured images caused 
by prismatic vessels containing substances supposed by 
him to differ most in this respect, such as strong 
but colourless nitric acid, rectified oil of turpentine, 
very pale oil of sassafras, and Canada balsam, also 
nearly colourless. With each of these I have found 
the same arrangement of these four colours, and, in 
similar positions of the prisms, as nearly as I could 
judge, the same proportions of them. 

" But when the inclination of any prism is altered so 
as to increase the dispersion of the colours, the propor- 
tions of them to each other are then also changed, so 
that the spaces a c and c e, instead of being as before ' 
39 to 61, may be found altered as far as 42 and 58. 

" By candle-light a different set of appearances may 
be distinguished. When a very narrow line of the 
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blue light at tlie lower part of the flame is examined 
alone in the same manner through a prism, the 
spectrum, instead of appearing a series of lights of 
different lines contiguous, may be seen divided into 
five images, at a distance from each other. The first 
is broad red, terminated by a bright line of yellow ; 
the second and third are both green ; the fourth and 
fifth are blue, the last of which appears to correspond 
with the division of blue and violet in the solar 
spectrum. 

" When the object viewed is a blue line of electric 
light, I have found the spectrum to be also separated 
into several images ; but the phenomena are somewhat 
different from the preceding. It is, however, needless 
to describe minutely appearances which vary according 
to the brilliancy of the light, and which I cannot 
undertake to explain." 

Hence we perceive that Dr. WoUaston deemed the 
dark lines /and g in Fig. 104, which is a fac-simile of 
the spectral diagram furnished by himself to the Eoyal 
Society, and published in the Society's " Transactions," 
of little or no importance in philosophic investigation or 
analysis. His attention was mainly directed to the 
colours and dispersion of the spectra, respecting both 
of which he was mistaken. It should be remembered, 
however, that it was with the naked eye Dr. Wollaston 
observed the spectra through the prisms. 

In 1814, M. Fraunhofer, of Munich, on viewing 
through a telescope the spectrum formed from a narrow 
line of solar light by the finest prism of flint glass, 
discovered, without being aware of Dr. WoUaston's 
discovery of the two dark lines, that the spectrum 
was crossed throughout its entire length by dark lines 
of various breadths, and of different shades of dark- 
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ness. Fraunhofer selected seven of these lines, or 
groups of lines, which he distinguished by the letters 
B, c, 1), E, F, G, and H (see Fig. 105), 
with which to compare the rest. For 
whatever the material composing the 
prism through which the solar light is 
transmitted in forming the spectrum, the 
lengths of the spectra, or the proportion 
of their coloured spaces may have been, 
he found these lines to have been invari- 
able in their positions in relation to the 
boundaries of the colours in the spectrum. 
B and c are single lines in the red; d 
is a double line in the orange, near the 
boundary of the orange and yellow ; e is 
in the green, and consists of a group of 
5 lines, the middle one being the strongest ; 
F is a strong black line in the blue ; a is 
a group of 5 lines in the indigo ; and h a 
group in the violet. The dotted lines in 
the figure indicate approximately the 
boundaries of the colours, the letters on 
the left the initials of the colours; the 
letters on the right are placed near the 
hard standard spectral lines. At A there 
-•'-' is also a strong dark line within the visible 
red, and between a and b there is a group 
of 8. Between b and c Fraunhofer ob- 
served, 9 lines ; between c and d, 30 lines ; 
between d and e, 84 ; between e and f, 
79 ; between r and g, 185 ; and between 
G and H, 190. Lines have also been recently 
observed in the extreme red, or the red invisible to the 
naked eye, as well as in the lavender and fluorescent rays. 
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, In the spectra formed by the light emitted or 
reflected by the planets, fixed stars, comets, nebulse, 
and, in short, nearly all celestial and terrestrial bodies, 
whether they be solid or liquid, vaporous or gaseous, 
the spectral lines are seen. And herein lies the para- 
mount importance of the spectral lines : each of the 
material elements of which the universe is composed 
produces, or is supposed to produce, one or more lines 
in its spectrum peculiar to, or characteristic of, itself. 

By means of the lines, and the improved method 
recently adopted for observing them, a complete revo- 
lution, it may be truly said, has been already efiected 
in determining the properties and component parts of 
many bodies, both in the heavens and on the earth, 
which had previously been unknown. 

Before proceeding further in treating of the im- 
portant discoveries that have been made by spectrum 
analysis, it may be well to describe the instruments 
that are used for this purpose. These instruments 
are called spectroscopes. From the period of the first 
discovery of the spectral lines up to 1830 the means 
used for observing the lines was either the naked eye 
or an ordinary telescope. Instead of using a prism, 
and observing the slit with the naked eye through 
which the light was admitted, Mr. Simms, an optician 
of London, placed a lens in front of the prism, so 
arranged that the slit was in the focus of the lens, 
which rendered the rays parallel, and then passed 
through the prism ; the spectrum so formed was then 
observed by an eye-piece which magnified the image of 
the spectrum considerably. 

Fig. 106 represents a small spectroscope three inches 
long, and seven-tenths of an inch in diameter. This 
little instrument, formed in the shape of a small tele- 
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scope, as made by Mr. John Browning, 111, Minories, 
London, who has attained great celebrity in the manu- 
facture of spectroscopes, shows many of the Fraunhofer 
lines in the spectrum, the bright Lines of metals and 




Fig. 106. 

gases, and the absorption-bands in coloured gases, 
crystals, and liquids. 

Another form of the spectroscope is shown in Fig. 
107. It is called the Herschel-Browning direct-vision 
spectroscope, in which the direct vision is produced by 




Fig. 107. 

means of two prisms in which the rays of light are 
refracted and reflected internally, as shown in Fig. 
108, in which a b c represent one of the prisms, s a 
ray of light falling on the surface of the prism at a, and 
then refracted to h, whence it is reflected to c, and then 
again reflected to d, where it is again refracted to the 
surface of the second prism, by which it is again twice 
refracted and reflected, as shown by the cut to the 
right, which represents the arrangement of the two 
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prisms. This spectroscope is fitted in a flat mahogany 
or leather case, which can be carried in the pocket, and 
is, therefore, well adapted for geologists and tourists. 





Its dispersion is so considerable as to be capable of 
dividing the d or sodium line in the solar spectrum with 
a magnifying power of only 5. 

Fig. 109 shows another form of the spectroscope, 




Fig. 109. 

having its prism on the top of the stand. The circle is 
divided into degrees, &c., and reads with a vernier, like 
a theodolite, or surveyor's transit, by means of which 
the spectral lines can be accurately determined and 
mapped. The slit at the extreme end of the left tube 
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is furnished with a reflecting prism, which enables the 
observer to examine and compare two spectra in the 
field of view at the same time. With slight modifica- 
tions, this spectroscope can be used for determining 
the refractive and dispersive powers of solids and 
liquids. 

Hoio to use the Spectroscope.- — Screw the telescope a, 
carrying the knife-edges, or slit, at the small end, into 
the upright ring fixed on to the divided circle, and the 
other telescope, b, into the ring attached to the movable 
index. Now place any common bright light in front 
of the knife-edges, and while looking through the tele- 
scope on the movable index (having first unscrewed the 
clamping-screw under the circle), turn the telescope 
with the index round the circle until a bright and 
continuous spectrum is visible. 

To ohtain the Bright Lines in the Spectrum given hy any 
substance. — Remove the bright flame from the front of 
the knife-edges, and substitute in its place the flame of 
a common spirit lamp, or, better still, a gas jet known 
as Bunsen's burner. Take a piece of platinum wire 
about the size of a fine sewing-needle, bend the end 
into a small loop about the eighth of an inch in 
diameter, fuse a small bead of the substance or salt 
to be experimented on into the loop, and attaching 
it to any sort of light stand or support, bring the bead 
into the front edge of the flame, a little below the level 
of the knife-edges. If the flame be opposite to the 
knife-edges on looking through the eye-piece of the 
telescope, the flxed lines due to the substance will be 
plainly visible. When minute quantities have to be 
examined, the substance should be dissolved, and a 
drop of the solution, instead of a solid bead, should 
be used on the platinum wire. 
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The delicacy of ttis method of analysis is so great 
that the lines of sodium are visible when a solution is 
employed which does not contain more than 2T¥"o"o~o o"*^ 
of a grain of sodium. 

To view Fraunh'dfer's Lines in the Spectrum. — Turn the 
knife-edges towards a white cloud, and make the slit 
formed by the knife-edges very narrow by turning the 
screw at the side of them. In every instance the focus 
of the telescope should be adjusted in the ordinary way, 
by sliding the eye-piece, or draw-tube, until it suits 
the observer's sight, and distinct vision is obtained. It 
should be borne in mind that lines at different parts of 
the spectrum require different adjustments in focussing 
the telescope. 

Soiv two Spectra may be seen at the same time. — The 
small prism turning on a joint in front of the knife- 
edges is for the purpose of showing two spectra at the 
same time. To do this, it must be brought close to the 
front of the knife-edges. Then one flame must be 
placed in the position in which the flame of the candle 
is shown in the small figure, and the other directly in 
front of the slit. On looking through the telescope as 
before described, the spectra due to two substances will 
be seen one above the other. 

When the slit is turned towards a bright cloud, and 
a light is used in the position of a candle flame, the 
spectrum of any substance may be seen, and compared 
at the same time with the solar spectrum. In this 
manner Kirchhoff determined in the solar spectrum the 
presence of the lines of the greater number of the 
elements which are believed to exist in the sun. 

The Prismatic Analysis of Organic Bodies. — Place a 
very delicate solution of the substance in a clear glass 
test-tube, which fix in the small clip attached to a ring 
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that slips on in front of the knife-edges (see Fig. 110). 
Upon bringing any bright light in front of the tube, 
on looking through the telescope, if properly adjusted, 
a bright spectrum will be seen, interrupted by dark 
bands or lines, called absorption-bands, or lines due to 
the substance in solution. 

One of the simplest and most interesting experi- 
ments of this kind can be made with dilute solutions 
of madder, port wine, and blood. In these dilute 
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solutions no difference can be detected with the un- 
assisted eye, but on submitting them in the manner 
just described to the test of spectrum analysis, very 
different appearances will be presented. The absorp- 
tion-bands may, however, be more conveniently ex- 
amined and accurately investigated by means of the 
micro-spectroscope shown in Fig. 114. 

To map out any Spectrum. — Place the eye-piece 
having cross wires in the telescope with the cross in 
the direction of an x. Then move the telescope so 
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that the point where the wires cross comes successively 
in contact with the yarious lines, noting the readings 
in degrees, minutes, and seconds on the vernier of the 
arc or limb for each line in the spectrum. From 
these readings, by means of any scale of equal parts, 
a map of the spectrum may be easily constructed. 

In the form of the spectroscope shown in Fig. 110 
there are two flint-glass prisms on the top of the stand, 
which produce considerable dispersion of the spectrum, 
or, in other words, lengthen it ; for it should be re- 
membered that the greater the refracting angle of the 
prism, within the possible limits of refraction, and the 
denser the glass, the longer is the spectrum formed by 
it — that is, the greater the dispersion ; and if two or 
more prisms be used, the dispersion can be still further 
increased, provided they be suitably arranged. The 
telescope is provided with two eye- pieces with rack- 
motion, and motion is given to the vernier by means of 
a tangent screw. 

Fig. Ill represents a spectroscope provided with 
four prisms, and telescopes with object-glasses 1^ inch 
diameter, and 18 inches focal length, and is fur- 
nished with three eye-pieces having rack- motion. This 
spectroscope has such great dispersive power as to show 
three lines between the d lines in the solar spectrum. 
Indeed, the dispersion that may now (1870) be pro- 
duced by spectroscopes is so great that the light which 
passes through the narrowest slit that can be made by 
opticians is dispersed into a spectrum several yards 
long. 

In Fig. 112 a star spectroscope is represented. 
This instrument, in addition to two refracting prisms 
for producing the dispersion of the spectrum, is fur- 
nished with an adjustable reflecting prism an4 mirror, 
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and with a micrometrio apparatus for measuring tte 
lines of the spectrum to -j-g-L^-^th of an inch. It is 
further provided with an ivory tube to the microscope 
for reading the vernier. 




As the light from a star is very faint when com- 
pared with the light from the sun, a cylindrical lens is 
placed between the condenser and the slit. The con- 
denser collects, so to speak, as much starlight as 
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possible, and sends it througi. the cylindrical lens, 
the axis of which is at right angles to the slit ; the 
cylindrical lens elongates the point of starlight in a 
direction parallel to the slit, through the jaws of which 
the Kne of light passes exactly. At the distance of its 
own focal length from the slit an achromatic lens is 
placed, which causes the light to emerge parallel, and 
is then decomposed by one or more prisms into the 
spectrum. The prisms decompose and disperse the 
light in a direction at right angles to the line of 
light formed by the cylindrical lens. 

The spectra of terrestrial substances are compared 
with stellar spectra in the following manner: — -Over 
one half of the slit is fixed a small prism, which re- 
ceives the light reflected into it by a movable mirror 
placed above the tube. The mirror faces a clamp of 
ebonite, provided with forceps to contain fragments 
of the metals employed. These metals are rendered 
luminous in the state of gas by the intense heat of the 
sparks of a very powerful induction coil. The light 
from the spark, reflected into the instrument by means 
of the mirror and the little prism, passes on to the 
prisms in company with that from the star. In the 
telescope the two spectra are viewed close together at 
the same time, so that the coincidence and relative 
positions of the bright lines in the spectrum of the 
spark with the dark lines in the spectrum of the star 
can be accurately determined. 

In Fig. 113 a section of another form of star spectro- 
scope is shown. In the movable end of the spectro- 
scope, or eye-tube, five prisms are arranged, two of 
which are composed of one kind of glass, and three of 
another, with their refracting angles in opposite direc- 
tions, by means of which we get a direct view of the 
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object whose spectrum we wish to examine. This 
modification has been but recently adopted, and is of 
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great practical utility in connection with spectroscopic 
researches in astronomy, and with microscopic examina- 
tions. 
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Fig. 114. 



Fig. 114 represents a micro-spectroscope ; that is, the 
microscope and spectroscope combined in one instru- 
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ment. The spectroscope arrangement of direct- vision 
prisms is applied to the eye-tube of the microscope. It 
is applicable to opaque objects without preparation, and 
by its means two spectra may be compared at the same 
time with one lamp. The spectrum of the smallest 
object, or a particular portion of an object, can be 
readily obtained with it. 

A is a brass tube carrying the compound direct- vision 
prism, or battery of prisms, as the arrangement is some- 
times called; b is a mill-headed screw to adjust the 
focus of the achromatic eye-lens ; c is a mill-headed 
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screw to open or shut the slit vertically ; h is another 
screw, at right angles to c, to regulate the slit hori- 
zontally ; D D an apparatus for holding a small tube, 
that the spectrum given by its contents may be com- 
pared with that from any other object on the stage; 
E a screw which opens and shuts a slit to admit the 
quantity of light required to form the second spectrum. 
Light entering by the aperture near e, strikes against 
the right-angled prism near a, inside the screw, shown 
in Fig. 115, and is reflected through tha slit to the 
compound prism. If any incandescent object be suit- 
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ably placed with reference to the aperture, its spectrum 
will be obtaiaed, and will be seen in looking through 
the eye-piece. The position of the field lens is shown 
at F (Fig. 114). G is a tube made to fit the microscope 
to which the spectroscope is applied. 

To use the instrument shown in Fig. 114, insert g 
like an eye-piece in the microscope tube, taking care 
that the slit at the top of the eye-piece is in the same 
direction as the slit below the prism. Screw on the 
microscope the object-glass required, and place the 
object whose spectrum is to be viewed on the stage. 
Illuminate with stage mirror, if transparent; with mirror 
lieberkuhn and dark well, if opaque, or by side re- 
flector, double convex lens, commonly called bull's-eye, 
&c. Remove a, and open the slit by means of the mill- 
headed screw, H, at right angles to d d. When the slit 
is sufficiently open, the rest of the apparatus acts like 
an ordinary eye-piece, and any object can be focussed 
in the usual way. Having focussed the object, replace 
A, and gradually close the slit till a good spectrum is 
obtained. 

Every part of the spectrum difiers a little from 
adjacent parts in refrangibility, and delicate bands or 
lines can only be brought out by accurately focussing 
their own parts of the spectrum. This can be done by 
the mill-headed screw b. Disappointment will occur 
in any attempt at delicate investigation if this direction 
be not carefully attended to. 

When spectra of very small objects are to be viewed, 
powers of from half an inch to one-twentieth or higher 
may be used. 

On a New Method of measuring the Position of Ahsorp-r 
Hon Bands with the Micro-spectroscope. — An ingenious 
invention has recently been made by Mr. Browning for 
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measuring absorption-bands with, the micro-spectroscope, 
which remedies the defects that have been found in 
practice to exist in the method contrived by Mr. Sorby. 
The contrivance of the latter gentleman consists in 
employing a quartz scale placed between two Ifichol's 
prisms in front of the slit of the micro- spectroscope, by 
means of which the spectrum is divided into twelve 
parts by certain lines produced by the interference of 
light. As no figures, pointers, or other distinguishing 
marks can be made to appear in the field of view by 
the side of the spectrum, frequent mistakes are made in 
counting the lines, particularly those near the middle 
of the spectrum. All these objections are obviated by 
Mr. Browning's invention, which is represented in 
section in Fig. 116. Attached to the upper part of the 
micro-spectroscope at the side is a small tube a a. At 
the outer part of this tube is a blackened glass plate 
E D, with two fine clear white lines crossing each other 
at an angle of 45°, like the letter X. The lens c, which 
is focussed by turning the mill-headed ring m, pro- 
duces an image of the bright cross in the field of view 
by reflexion from the surface of the prism nearest the 
eye. The shaded band near M represents a circular 
micrometer. On turning the ring m, the slide which 
holds the glass plate is made to travel in grooves, and 
the fine clear cross is made to traverse the whole length 
of the spectrum. 

It might at first sight appear as if an ordinary 
spider's web or parallel wire micrometer might be used 
instead of this contrivance. But on closer attention it 
will be seen that, as the spectrum will not permit being 
magnified by the use of lenses, the line of such an 
ordinary micrometer could not be brought to focus and 
rendered visible. The bright cross possesses this great 
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advantage, that it only illuminates the precise position 
in which it may be. 

If a dark wire were used, the bright diffused light 
would almost obscure the faint light of the spectra, and 
entirely prevent the possibility of seeing, let alone 
measuring, the position of the lines or bands in the 
most refrangible part of the spectrum. 
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Method of using this Invention. — Measure carefully 
the position of the principal Fraimhofer lines in the 
solar spectrum in broad daylight. Note down the 
numbers on the micrometer corresponding to the posi- 
tion of the lines, and draw a spectrum of suitable 
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length from a scale of equal parts. Let this spectrum 
be drawn on cardboard, and preserved for refereneie. 
Now measure the position of the dark bands in any 
absorption spectra, taking care, for this purpose, to use 
lamp-light, as daylight will give, of course, the Fraun- 
hofer lines, which will tend to confuse the spectrum. 
If the few lines occurring in most absorption spectra 
be now drawn to the same scale as the solar spectrum, 
on placing the spectra side by side, a glance will show 
the exact position of the bands relatively to the Fraun- 
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hofer lines. Observers at a distance from each other 
can compare their results by simply exchanging the 
lists of numbers of the micrometric measurements. 

Fig. 117 represents an automatic electric lamp 
adapted for projecting the spectra of metals, or the 
absorption-bands of liquids, on a screen for lecturing 
purposes. In addition to the lamp, which closely re- 
sembles the magic-lantern, the figure shows a mounted 
focussing lens, and a hollow prism containing bisulphide 
of carbon mounted on a stand. Any other fluid may 
be substituted in the prism for the bisulphide of carbon. 
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HaTing illustrated many of the most useful forms of 
spectroscopes, and described the methods of using 
them, let us return to the consideration of the spectral 
lines. Sir John Herschel and Sir Dayid Brewster 
attributed them to the absorption of some of the rays. 
In 1832 Sir David found that when the sun's rays are 
transmitted through the brownish-red vapour of nitrous 
acid, it has the power of absorbing some of the rays in 
such a manner as to produce a series of dark lines 
resembling the Fraunhofer lines. He also noticed at 
certain times distinct lines and bands in the red and 
green spaces, which at other times wholly disappeared. 
This he found to be caused by the absorptive action of 
the earth's atmosphere, for these bands were only 
visible when the sun approached the horizon. Pro- 
fessors Daniell and Miller proved that the lines de- 
pended specifically upon the kind of vapour or gas 
used ; and subsequently Professor Wheatstone dis- 
covered that the spectra produced by incandescent 
vapours of the several metals consisted of a compara- 
tively small number of detached bright lines, separated 
from each other by wider intervals of darkness. In a 
paper which he read at the Dublin meeting of the 
British Association for 1835, " On the Prismatic De- 
composition of the Electric, Voltaic, and Electro-mag- 
netic Sparks," he states that the spectrum of the 
electro-magnetic spark taken from mercury, as well 
as from zinc, cadmium, tin, bismuth, and lead in the 
melted state, consists of definite rays separated by dark 
intervals from each other ; but the number, position, 
and colours of the lines vary in each case. The appear- 
ances are so different that by this mode of examination 
the metals may be readily distinguished from each 
other. 
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The iuvestigations of Pliicker, published in 1858-9, 
relating to the effects produced by transmitting the 
secondary discharge from Ruhmkorff's coil through 
narrow tubes filled with different gases, and afterwards 
exhausted as nearly as possible, show that each ex- 
hausted tube gave its own characteristic spectrum, the 
lines of which he carefully measured. The results 
arrived at by Pliicker seem to conflict somewhat with 
the theory of the lines soon afterwards announced to 
the world by Kirchhoff in 1859. 

Kirchhoff's General Theory of the Fraunhofer Lines. — 
The theory first advanced by Kirchhoff explains the 
cause of the formation of the Fraunhofer lines, and 
embraces and generalises most, if not all, the kindred 
phenomena. His theory is that when any substance is 
heated to a great degree, or is rendered luminous, it 
emits rays of certain and definite degrees of refrangi- 
bility — that is, of the various definite colours as seen in 
the spectrum — whilst the same substance, at a lower 
temperature, has the power of absorbing rays of the 
same degree of refrangibility, or of replacing them by 
dark lines in the spectrum. By a series of beautiful 
yet simple experiments, Kirchhoff proved that when 
certain gases and vapours are placed between the eye 
and an incandescent or luminous body, they produce 
dark lines in the spectrum, and that the dark lines so 
produced by each gas or vapour are identical in 
number and position with the bright or coloured Knes 
produced in the spectrum by the same particular gas 
or vapour when it is incandescent or luminous. For 
example : sodium, when ignited, emits a bright yellow 
light, which produces in the spectrum two bands or 
bright yellow lines, which coincide in position with 
Fraunhofer's double black line d in the solar spectrum. 
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If, through the flame of the ignited sodium, the more 
powerful electric light of the charcoal points, or ignited 
lime, be transmitted, the continuous spectrum due to 
this stronger source of light is interrupted by a black 
line coincident in position with the solar black line d. 
It has also been ascertained by Kirchhoflf that certain of 
the bright bands in the spectra of potassium, lithium, 
barium, and strontium may be rcYcrsed, and Dr. Miller, 
Vice-President of the Royal Society, has ascertained 
that some of the strongest lines in the blue in the 
spectrum of copper may be similarly changed. 

The facts ascertained by Kirchhoff in his experiments 
have been applied by him to the explanation of the 
Fraunhofer dark lines in the solar spectrum in this 
manner. He assumes that in the luminous atmosphere 
of the sun the vapours of various metals are present, 
each of which would give its own characteristic system 
of bright lines ; but behind this luminous or incan- 
descent atmosphere containing the metallic vapours is 
the still more intensely heated solid or liquid nucleus 
of the sun, which emits a brilliant light of all degrees 
of refrangibility. When the light of this intensely- 
heated nucleus is transmitted through the incandescent 
or luminous atmosphere, or, as it is frequently called, 
photosphere, the bright lines that would be produced 
in the spectrum by the photosphere alone are changed 
to the Fraunhofer dark lines. 

Kirchhoff concludes from his observations that in the 
photosphere of the sun the vapours of sodium, potassium^ 
magnesium, calcium, iron, chromium, and nickel, and 
probably izinc, cobalt, and manganese, are present ; but 
that lithium, copper, and silver are not present there. 
Angstrom considers that hydrogen and aluminium are 
present, and probably barium and strontium. A good 
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deal of most interesting knowledge of the physical 
constitution of the solar atmosphere has been gained 
by the observations made by different parties during 
the total solar eclipses of July 28, 1851 ; of July 18, 
1860 ; and of August 18, 1868. As soon as the sun's 
disc was completely obscured by the moon in 1851, a 




Fig. 118. 

bright corona of white light, similar to that of an 
aureola, or glory, was seen round the border of the 
moon (see Fig. 118), which appeared like a black 
circle in the sky. Round the black circle of the moon, 
at irregular distances, were seen bright and mountain- 
ous, or rather flame-like, protuberances. The greater 



OPTICS. 253 

number of these were broader at tbe bottom than at the 
top, but one at least was seen distinctly separated, and 
suspended, as it were, in the atmosphere of the sun. 
Many observers noticed a large red sierra, or long 
mountainous range, with irregular tooth-like edge. 
Another protuberance had the shape of a sickle with 
the top broken off, and an irregularly- shaped mass very 
near it, but neither in contact with it nor the moon's 
edge. Such prominences as were near that part of the 
sun's limb towards which the moon was moving were 
observed to decrease in height (the moon passing over 
them), while those on the opposite part of the limb 
increased in height. It is evident, therefore, that these 
phenomena belong to the sun, and not to the moon, 
and it is probable that they are of the nature of 
luminous clouds suspended in the solar atmosphere. 

Owing to the interest excited by the observations of 
the solar eclipse of 1851, astronomers looked anxiously 
to the next great eclipse that would be visible in Europe, 
namely, that of 1860. The British Government placed 
the large steamer Himalaya at the disposal of the 
Astronomer Royal and Mr. Warren De la Rue, who 
made excellent physical observations confirmatory of 
those made in 1851. It was proved beyond a doubt 
that the red protuberances belonged to the limb of the 
sun, and not to that of the moon. The various phases 
of the eclipse were photographed very carefully by ' 
Mr. De la Rue, who thereby registered in the photo- 
graphs very minute particulars, which would have 
otherwise escaped observation. 

The last total eclipse that has occurred, namely, that 
of the 18th of August, 1868, was visible in Arabia, 
India, Borneo, and eastward to the neighbourhood of 
JN^ew Guinea and Torres Straits. In India the time 
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of tlie totality of the eclipse averaged rather more than 
five minutes along the middle line of the shadow. 
Several expeditions were organised for observing it ; 
amongst them two English ones may be mentioned. 
The first originated with the Royal Astronomical 
Society, and was put under the charge of Major 
Tennant, E,.E., whose observing station was at Guntoor, 
on the Bay of Bengal ; the second was organised by 
the Royal Society, and was put under the charge of 
Lieut. J. Herschel, E.E., whose observing station was 
at Jamkandi, or Samkhandi, India. Lieut. Herschel's 
expedition was fitted out specially for the purpose of 
making spectroscopic observations of the solar pro- 
tuberances. An Austrian expedition selected for its 
station a position near Aden, on the Red Sea ; and the 
Prussian expedition selected nearly the same locality. 
Two or three French expeditions were sent out, of 
which one was under the direction of M. Stephan, the 
astronomer at Marseilles, who observed at Whatonne, 
on the Malayan Peninsula; and another under M. 
Janssen, who observed at Guntoor. The observations 
made during this eclipse prove that the red solar pro- 
tuberances, or prominences, consist chiefly of hydrogen 
gas in the most intense state of incandescence. M. 
Janssen, in summing up his investigations with regard 
to the red prominences, states : — 

1. That the luminous prominences observed during 
total eclipses belong incontestably to the circumsolar 
regions. 

2. That these bodies are formed of incandescent 
hydrogen, and that this gas predominates, if it does 
not form the exclusive composition of them. 

3. That these circumsolar bodies are the seat of 
movements of which no terrestrial phenomena can give 
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any idea — masses of matter, of which the volume is 
several hundred times greater than that of the earth, 
being displaced and completely changing their form in 
the space of a few minutes. 

The conclusion arrived at by M. Janssen, respecting 
hydrogen being the chief constituent of the solar pro- 
tuberances, has been confirmed by Major Tennant, and 
further corroborated by Mr. Norman Locker, F.R.S. 
The latter gentleman states, in a communication to the 
Royal Society, which was received by the Society on 
the 8th of July, 1869, and published in Vol. XVIII. 
of the "Proceedings of the Royal Society," that he has 
been able to detect traces of magnesium and iron in 
nearly all solar latitudes in the chomosphere. 

Mr. W. Huggins, of London, has devoted a good 
deal of attention to the observation of the spectra 
of the fixed stars, comets, and nebulse. In six of 
the brightest of the fixed stars, namely, Aldebaran, 
a Orionis, /3 Pegasi, Sirius, or the Dog-star, a Lyrae, 
and Pollux, he has found sodium and magnesium 
present ; in five of them iron, and in one barium. In 
the spectra of a Orionis and ^ Pegasi, Mr. Huggins 
could not find the lines c and f corresponding to 
hydrogen, which are characteristic of the solar spec- 
trum, and of the spectra of the greater number of the 
fixed stars which he examined. 

The Spectra of Comets. — Since the spectroscope came 
into use there have not been many opportunities of 
observing the spectra of comets. M. Donati, of 
Florjence, found that the spectrum of a comet, visible 
in 1864, consisted of bright lines. The spectra of 
Brorsen's comet, and of the second comet of 1868, as 
observed by Mr. Huggins, consisted of three bands of 
light. The spectrum of the second comet of 1868 he 
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found to be identical in refrangibility and general 
character with the spectrum of carbon. 

The Spectra of Nehuke* — From the time these 
heavenly bodies were first discovered mankind have 
wondered at them, and were curious to know their 
physical constitution and habits. A doubt existed 
whether many of them were really vaporous or cloudy 
luminous substances, as their name and general appear- 
ance indicated, or whether they were clusters of stars 
seen at too great a distance to be resolved by the most 
powerful telescopes. By means of Lord Rosse's 
gigantic telescope about half of the nebulae which give 
a continuous spectrum have been resolved into separate 
stars, while about one-third more are probably resolv- 
able. TJp to the year 1868 Mr. Huggins had satisfac- 
torily examined spectroscopically seventy nebulae, of 
which one-third were found to be either tenuous va- 
pours or rarefied gaseous bodies. In many cases Mr. 
Huggins had been enabled to determine the gases in 
the nebulae ; in the spectra of about twenty he found 
a line coincident with one of the principal lines in 
the spectrum of nitrogen, and in another a line 
coincident with one of the principal lines in the 
spectrum of hydrogen. From his observations of 
the spectra of the sun, planets, stars, and nebulae, 
he concludes that all the bright stars at least have 
spectra analogous to those of the sun ; that the stars 
contain material elements common to the sun and 
earth ; that the colours of the stars have their origin 
in the chemical constitution of the atmosphere which 
surroimds them; that the changes in brightness of 

* For a description of the various kinds of nebulsB see Main's 
" Astronomy," TVeale's Series; or Sir John Hersohel's " Outlines, of 
Astronomy." 
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some of the variable stars are attended with changes 
in the lines of absorption of the spectra ; that the star 
in Corona, which suddenly changed in brightness in 
1866 from the eighth to the second magnitude, and as 
rapidly declined in brightness, is subject to great 
physical changes, and suggests the startling idea that 
it became suddenly wrappfed in the flames of burning 
hydrogen ; that there exist in the heavens true nebulae, 
which consist of luminous gas ; and that the material 
of comets is very similar to the matter of the gaseous 
nebulae, and may be identical with it. 

It appears, from what has been already stated, that 
most important discoveries respecting the physical 
constitution of the sun, planets, fixed stars, comets, 
and nebulae, have been made within the last ten or 
twelve years by means of spectrum analysis. These 
discoveries in themselves have vastly extended the 
bounds of human knowledge ; but spectrum analysis 
has not been confined to these grand discoveries in the 
heavens. By means of this system of research the 
most minute quantities of terrestrial substances have 
been found in combination with other substances, 
where the ordinary system of chemical analysis would 
have entirely failed. Lithium, for instance, was known 
formerly to exist in only four minerals ; by means of 
spectrum analysis it has been found to exist almost 
everywhere. The Wheal Clifford mine yields 800 lbs. 
of lithium every twenty-four hours, as recently shown 
by Dr. Miller, though, previously to the application of 
spectrum analysis, no lithium had been found or known 
to exist there. 

But, further, spectrum analysis is not content with 
merely disclosing to us new sources of known sub- 
stances ; we are enabled by it to discover entirely new 

s 
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elements. Bunsen, an eminent Grerman cliemist, whilst 
examining by the prism in 1860 the residue of the 
mother liquor from the Diirkheim Spring, saw two 
blue lines in its spectrum, and also two red lines of 
remarkably low refrangibility, which he had never 
seen before, although well acquainted with the spectra 
of all the known elements. The observation of these 
lines induced him to make a minute chemical examina- 
tion of the water which produced them ; in fact, he 
evaporated no less than forty- four tons of the water : 
his labours were rewarded by finding in the residue 
left after the evaporation two new metals, one of which 
he called ccesium, from ccesius, "sky-coloured," in 
allusion to the two characteristic blue lines in its 
spectrum ; the other he called ruhidium, from rubidiis, 
signifying " dark red," in allusion to the two red lines 
in its spectrum. It would have been impossible to have 
ascertained the existence of these new metals in the 
water in the minute proportion in which they occur 
(about three grains of chloride of caesium, and rather 
less than four grains of chloride of rubidium, to every 
ton of water), but for the method of spectrum analysis. 
Another new metallic element, called thallium, was 
discovered in 1861 by Mr. Crookes, whilst examining 
with the spectroscope the residue from a sulphuric-acid 
chamber at Tilkerode, in the Hartz Mountains. Lamy 
has since found it in the acid from Belgian pyrites, and 
it is now extensively used in the manufacture of fire- 
works. The delicacy of the spectrum test for thallium 
is very great. Mr. Crookes states in the "Philo- 
sophical Transactions" for 1863, that he has been 
able to detect easily BooSowth of a grain of the metal 
in a solution of sulphate of thallium. This new 
metal has been named thallium, from a Greek word 
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whicli signifies a "budding twig," in allusion to the 
brilliant green line in its spectrum. 

Indium. — By spectroscopic analysis still another new 
metallic element, called indium, was discovered in 1864 
by two German professors, Reich and Eichter, in a 
particular variety of zinc blende. This new metal, 
when tested by spectrum analysis, discloses two bright 
lines in the blue and indigo, not coincident with those 
of any other known body. One of these lines is more 
refrangible than the blue line of strontium ; the other 
feebler line is near the violet line of potassium, but is 
less refrangible than it. These reactions suggested the 
name of indium for this new metal. It is a white 
malleable metal, the specific gravity of which is about 
7 '3, and easUy fusible. 

Of the many useful purposes to which the spectro- 
scope has been already applied none is, perhaps, of 
more practical importance than its application to the 
manufacture of Bessemer steel. The process of manu- 
facture is so rapid, and requires so much attention in 
ascertaining the precise moment when all the carbon 
in the pig-iron thrown into the retort is expelled, that 
a mistake of ten seconds either way spoils five tons. 
But, it may be asked, how does the spectroscope assist 
in the matter ? By showing clearly and unmistakably 
the very instant when all the carbon is expelled. The 
heat from the melted iron in the retort is so intense 
that the flames of the various substances mixed with 
the iron are visible above the retort. When these 
flames, or incandescent vapours, are examined by the 
spectroscope a few minutes after the pig-iron is thrown 
in, the spectrum of carbon is easily distinguished ; when 
a considerable portion of the carbon has been expelled, 
the spectrum becomes faint ; when all the carbon is 
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expelled, the spectrum due to the carhon instantly 
disappears. 

Some interesting problems relating to the chemical 
circulation of the blood have been solved by Dr. Bence 
Jones, of London, by means of spectrum analysis. He 
gave chloride of lithium to guinea-pigs, and after 
certain periods, say two or three hours, he killed the 
guinea-pigs, and examined by the spectroscope the 
ashes of the various parts of the bodies : if he found 
the lithium line in the spectrum of the ash vapour of 
that part of the body where no lithium previously 
existed, he became aware of the fact that the chemical 
circulation of the animal was such as to take lithium to 
that particular part in a certain time. 

It has been found that certain substances, such as 
sulphur and nitrogen, give more than one spectrum 
each ; the spectrum at a very high temperature being 
entirely different from that at a low temperature. 
Mtrogen gives three different spectra, whilst oxygen, 
chlorine, bromine, and iodine furnish only one spec- 
trum each. 

Simple substances, as well as compound bodies, may 
produce lines ; and two simple substances, which singly 
do not produce them, may produce them abundantly 
in their compounds.' On the other hand, there are 
simple substances that produce lines in their spectra, 
whereas in their compounds the spectral lines do not 
appear. 

In celestial spectroscopy it is expected that more 
important results than any yet attained, great as these 
results undoubtedly have been, will soon be arrived at 
by Mr. Huggins, of London, in whose hands a new 
powerful instrument was placed in December, 1869, by 
the Eoyal Society. The President of the Eoyal Society, 
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in his annual address to that distinguished body on the 
30th of JSTovember, 1869, stated that "celestial spec- 
troscopy has, indeed, attained such importance that it 
requires for its successful prosecution the undivided 
attention of the astronomer who devotes himself to it, 
as well as an observatory specially designed for it. 
Our great national observatories cannot supply this 
want, for they have their own specific destination ; and 
the high optical power that is required, if we wish to 
make further progress, is scarcely within the reach of 
amateurs." These considerations induced the Council 
of the Society to provide from Mr. Grubb, optician, of 
Dublin, a telescope of the highest power that is con- 
veniently available for spectroscopy and its kindred 
inquiries, and placed it in the hands of Mr. Huggins ; 
the instrument continuing the property of the Society. 
The object-glass of the telescope is 15 inches in 
diameter, and 15 feet focal length. The arrangements 
are such that it can be easily worked by the observer 
without an assistant, and the readings of its circles 
made without leaving the floor of the observatory. A 
novel addition has been made to this instrument bearing 
upon the radiation of heat from the stars. An object- 
glass intercepts so much of the heat rays that, to 
economise the infinitesimal efiect which is expected, a 
metallic mirror is more promising. The instrument is 
therefore provided with the means of changing the 
15-inch achromatic object-glass for an 18-inch reflector. 
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Aberration of thickness of lenses, 42; 

spherical, in lenses and mirroi's, 55; 

wholly effaced, 58 ; chromatic, 59, 
Absolute refractive power, 17 ; remains 

constant, 17. 
Absorption bands, new method of mea- 
suring the position of with the micro- 
spectroscope, 245. 
Accidental colours, 127. 
Actinic intluenee of the solar spectrum, 

90 ; of chemical rays, 218. 
Action of light on plates of copper 

covered with certain deposits of silver, 

89. 
Adaptation of the eye to different dis-' 

tances, 125. 
Adiatheimic bodies, 89. 
Advantage of projecting rays through 

lenses, 35. 
to commerce from rresnel's 

lighthouse system, 228. 
Agate, ciuious property of, 112. 
Albumen in the eye, 117. 
Alhazen's description of the eye, 4 ; treats 

of vision, 4 ; the crystalline humour, 

its principal use, 4 ; he did not consider 

it a lens, 4. 
American solar camera, 162. 
Analysis of light, 67. 

of sugar by polarised light, 112. 

Anastatic process, 213. 

Angle of polarisation, 108. 

Anorthoscope, 210. 

Anterior chamber of the eye, 116. 

Aperture of diaphragm, how it affects the 

intensity of photographic pictures, 145. 
Aplanatic lens, 60 j Dallmeyer*s, 161; 

most perfect copying-lens extant, 161 ; 

double the intensity of theorthoscopic, 

161. 
Aqueous humour, 117. 
Archimedes burnt the Koman fleet by 

mirrors, 4. 
Architect, the knowledge of optics useful 

to the, 221. 
Architecture enriched by photography, 

89, 
Argand lamps and paraboloidal reflectors 

flrst introduced into lighthouses, 222. 
Aristotle's opinion of the cause of vision, 3. 



Art, harmony of colours in, 131. 

Arts of design aided by photography, 142. 

AstigmatiOD, 42. 

Astronomical telescope, 191; to find its 
magnifying power, 192. 

Atmospheric refraction determined, 7. 

Axes of positive and negative double re- 
fraction, 105. 

Axis of lenses, 19. 

of double refraction, 105. 

Baptista Porta invents the camera ob- 
scura, 5 ; he is mistaken concerning 
tlie cause of single vision with two 
eyes, 6. 

Beautiful forms produced by the kaleido- 
scope, 200. 

phenomena exhibited by trans- 
mitting polarised light tlirough crys- 
tals, 112. 

Beauty of Fresnel's apparatus as im- 
proved by Stevenson, 224. 

BecquerePs experiments, 90. 

Berard's discoveries, 88. 

Bernard's views, 74. 

Bessemer steel, application of the spec- 
troscope in the manufacture of, 259. 

Binoculai" telescope, 196. 

Bi-iinial dissolving-view apparatus, 141. 

Blair's, Dr., discoveries, 84. 

Borda first introduces Argand lamps and 
paraboloidal reflectors into lighthouses, 
222. 

Brewster's, Sir David, discoveries, 70; 
experiments in spectrum analysis, 249. 

Brilliant photographic images, 166. 

Browning's small specti-oscope, 233. 

Csesium discovered by spectrum analysis, 
258. 

Calorific or heat rays, 218. 

Camera obscura, 5, 143, 167 ; to erect for 
use, 170. 

Meagher's binocular, 168. 

Kinnear, 169. 

new folding, 169. 

lucida, 170 j applied to the micro- 
scope, 171 ; various modifications of, 
171 ; to draw by, 171, 186. 

Camphor, 106. 
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Canada, primevBl foreets of, 230. 

Citasej^raiuion telescope, 53. 

Catoptric light of Isle of May converted 

iiito a dioptric light, 223. 
Catoptrica explained, 42. 
Caustic curves formed by reflection, 61 ; 
discovered hy Tschirnliausen, 62, in- 
vestigated by M. de la Hire, James 
and John Bernoulli, and oUiers, 62 ; 
cusps, 63. 

figures, formed by a wash-hand 

basin, 65. 
Caustics formed by a china bowl, 64. 

foi-med by refraction, 66. 

Centre of visible direction, 121. 
Change of refractive power In gases, 17. 
Chemical influence of the spectrum, 89. 
Choroid coat, 114. 
Chromatic aberration, 59 ; how remedied, 

145. 
Ciliary processes, 117. 
Coddington lens, 173. 
Colour-blindnesB, 125. 
Colours produced by intermixtures of 
light and shade, 76; colours in art, 
harmony of, 131. 
Combination of coloiu'S, 129. 
Combined efltects of inflection aad inter- 
ference, 100 ; examples of, 1 UO. 
Comets, spectra of. 255. 
Common cress, experiments on ita ger- 
mination, 218. 
Complementary colours, 127 ; how to 

find, 129. 
Compound microscope, 174; conditions 

of efficiency, 176. 
Concave speculum for lighting Druidic 

fires, 4; of rejection from, 44. 
and convex lenses remedy de- 
fective vision, 5. 
Concavo-convex lens, 19. 
CMidenser, 162. 
Conditions of single vision with both 

eyes, 123. 
Conical reflectors. 54. 
Conjugate foci, 31; corres;pond to the 

positions of image and object, 37. 
Contraction of the pupil of the eye, 6- 
Converging rays, 31, 34 ; reflection of, by 

concave and convex mirrors, 49. 
Convex speculum, reflection from, 44. 
Cornea, 114 ; projects outwards, 115 ; of 
nearly uniform thickness, 115 ; form of 
a common watch-glaas, or concavo- 
convex lens, 115. 
Crystalline lens, 116. 
Curvature of the field, 42. 
Cylindrical reflectors, 54. 

Daguerre's discovery) 89 ; daguerreo- 
types, 89. 

Dallmeyer'a wide-angle rectilinear lens, 
156; diffusion of definition obtained 
by, 160; never obtained before, 160; 
possesses great equality of illumina- 
tion, 161 ; free from distortion without 
diaphragms, 161 ; adapted for portraita, 
views, and other pictures, 161. 



Dallmeyer^ rectilinear aplanatic lens, 
161; its great intensity, 161- 

Balton, Dr., unable to distinguish blue 
from pink, 124; endeavours to explain 
his own case, 124. 

Dark-field illumination, 184. 

Dark lines across the spectrum, 86. 

Data for astronomical, nautical, and en- 
gineering purposes obtained by tlie 
telescope, 190. 

Daubeny, Dr., experiments on vegetation, 
220. 

Decomposition of light, 67; by absorp- 
tion, 70. 

Descartes' exposition of the law of refrac- 
tion, 7. 

Designs on porcelain, glass, &c., 217. 

Development of roots from plant-cuttings, 
219. 

Diaphragm, position of, 143. 

Diathermic bodies. 89. 

Difference of colour not a test of differ- 
ence of refrangibility, 72. 

Diffraction of light, 96; discovered by 
Grrimaldi, 97 ; investigated by Fresnel, 
97. 

Dimensions of the eye, 118 ; principal 
focal length of, 118. 

Direct influence of light, heat, and ac- 
tinism on the formation of woody fibre, 
220. 

Directions for using Smith and Beck's 
popular microscope, 178. 

Dispersion of light, 77 ; measure of dis- 
persive power, 78 ; table of, 79 ; dis- 
persion, total, how to find, 83. 

Dissolving views, 139. 

Distance meaaui-ed by electric apparatus, 
126. 

Distinct vision, standard of, 172. 

Distortion of images, 40, 

Diverging rays, 32, 34. 

Divine Optician, 122. 

Documents in Becord Office, London, 
how photo-zincograpbed, 215. 

DoUond first consti-ucts achromatic tele- 
scopes, 84. 

Double-convex lens, 18 ; double-concave 
lens, 19. 

Double refraction, 102 ; right-handed or 
positive, 106 ; left-handed or negative^ 
106. 

Dngald Stewart, the eminent Scotch 
metaphysician, could not distinguish 
colours, 124. 

Dyalitic apparatns of Van Monckhoven, 
163. 

Eddystone lighthouse, how illuminated, 
222. 

Effects of prisms and mirrors in reflect- 
ing light, 224 ; tried at the Eoyal Ob- 
servatory, Paris, 224. 

Electric lignt, 141. 

Elliptic lenses, practical difficulties of, 57. 

Empedocles' opinion of the cause of 
vision, 3. 
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Engineer, knowledge of optics useful to 
the, 221. 

English language from the time of the 
Conqueror to that of Queen Anne, illus- 
trated, 215. 

Enlarging apparatus, photographic, 161. 

photographs by the ordinary 

camera, 165. 

Erect vision from an inverted image 
attributed by Kepler to an operation of 
the mind beyond our povrer to under- 
stand, 17. 

.^^ vision from an inverted image, 

clearly explained, 121. 

EucUd's explanation of images formed 
by concave minora, 4. 

Euler's observations on spirituous liquors, 
17. 

Examples of the effects of inflection and 
interference of light, 100. 

Expansion of the pupil of the eye, 6. 

Experiments on compUmentary colours 
with wafers, 127. 

by Mr. Robert Hunt on the 

gernsination of seeds, 218. 

- by Drs. Daubeny and Gard- 



ner, 219. 

Extraordinary law of refraction, 105. 
ray refracted from the axis 

in some crystals, while in others it is 

refracted towards the axis, 105. 
Extreme red ray of the spectrum, 70. 
Eye, 113; front view of, 113; vertical 

section of, 113 ; sclerotic coat, 114 ; 

choroid, 114; cornea, 114; retina, 114; 

eyelids, 117 ; eyebrows, 117 ; achioma- 

tic, 122 ; aplanatic, 122 ; wonderful 

power of the eye, 127. 

Faraday's system of ventilating light- 
houses, 227. 

Fata morgana explained, 25. 

Feathers, iridescence of, 102. 

Fifty photographs produced at the same 
time, 161. 

Flare in photographic pictures, 154. 

Flint glass for telescopes, 84. 

Fluorescent ray of spectrum, 70. 

Focal len^ of the eye, 118. 

Foci, conjugate, 31. 

Focus of parallel rays, 28. 

virtual, 47; principal, 47. 

Foliage of plants prevented being 
scorched, 221. 

Foramen centrale, 115, 123. 

Formation of images by plane, concave, 
and convex mirrorSj 50. 

Fracture in the negative prevented, 164. 

Fraunlidfer's spectrum, 68,231. 

French Government has adopted the 
polarising saccharometer, 113. 

Fresnel investigates diffraction, 97 ; 
measures waves of light, 99; invents 
the dioptric system of illummating 
lighthouses, 222 ; advantage to com- 
merce of his lighthouse system, 228 ; 
Stevenson's modification, 223. 

Galileo applies the telescope to the great 
ends of astronomical science, 6. 



Gardner's, Dr., experiments on vegetar 

tion, 220. 
Gem lenses, 60. 

Germ of the art of photography, 89. 
Gei-mination of seeds entirely prevented, 

Ghosti 135. 

Glands of the eye, 118. 

Glass commonly used for lenses, 18. 

flint and crown, for telescopes, &c., 

84. 
Globe objective, 147. 

Gold designs on porcelain, glass, &c., 217. 
Graphoscope, 199. 

Greasy ink for photo-zincography, 212. 
Greatest sharpness of photographic pic- 

tureSp how produced, 144. 
Gregorian telescope, 53. 
Grey or lavender ray in the spectrum, 70. 
Grimaldi discovers the diffraction of 

Ught, 97. 
Grubb's objective, 145. 

Harmony of colours in art, 131. 

Heat and light distinct solar emanations, 
89. 

Heating or calorific power of the speor 
trum, 87. 

Helmholtz's analysis of light, 74, 

Helsby's heliogram, 161. 

Heliostat, 164 ; varieties of, 164. 

Herschel, Sir John, discoveries, 70, 88, 
90, 91 ; on Dr. Dalton's defect of vision, 
125 ; experiments in spectrum analysis, 
249. 

Herschel-Browning direct-vision spectro- 
scope, 234, 

Herschelian telescope, 193. 

Heterogeneous light, 69. 

Homogeneous light, 69. 

Hooker, Sir W., 221. 

Home and .Thomthwaite's improved 
polariscope, 110. 

How spherical aberration may be wholly 
effaced, 68. 

How the vital power in seeds is exerted, 
219. 

How brightness of images may be in- 
creased, 37. 

Hunt, Eobert, experiments, 90, 91. 

Huggins's new telescope for spectro- 
scopy, 260. 

Huygens's telescope, 191. 

Hyaloid, 117. 

Hyperbolaic lenses, 57. 

Iceland spar, 103 ; composition of, 103 ; 
double refraction first discovered in, 
103. 

Illuminating power of the spectrum, 86. 

effect of lighthouse lenses, 

225. 

Images formed by lenses, 36 ; formed by 
a convex lens inverted, 37 ; length of, to 
object, 37 ; image and object, relative 
positions of, 37 ; brightness of image, 
how increased, 37 ; on a ^^round glass, 
37 ; on a diy film of skimmed milk, 
38 ; in the air, 38. 

how obtained inverted or erect, 38. 
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Images, distortion of, 40. 

formed by plane, convex, and' 

concave mirrors, 50 — 53. 
Improvements in refracting microscopes, 

Inability of some persons to distinguiah 
coloxu-a, 123. 

Incidence, angle of, 11. 

Increasing density of the crystalline to- 
wards its centi-e, 122. 

Indices of refraction, 13. 

Indium discovered by spectrum analysis, 
259. 

Inflection of light, 96. 

Influence of the spectrum on twenty-nine 
different mineral and vegetable prepa- 
rations, 90. 

of the aolar rays on the growth 

of plants, 218; on tiie formation of 
woody fibre, 220. 

Innumerable axes of double refraction, 
105. 

Intensity of images depends on aperture 
of diaphragm, 145. 

Instruments, optical, 131. 

Iridescence of mother-of-pearl, soap- 
bubbles, featheirs, &c., 102. 

Iris, 115 ; grey^ hazel, blue, or black, 115 ; 
gives character to the eye, 115. 

Irrationality of dispersion, 81. 

Jansen invents the telescope, 6; first 
made by him in 1590, and presented to 
Prince Maurice of Nassau, 6 ; ineffec- 
tual attempts to keep the invention a 
secret, 6. 

Juice of the ten-weeks stock, remarkable 
actinic influence on, 90. 

Kaleidoscope, 200 ; varieties of form, 202. 

Kepler discovers the formation of the pic- 
tures or images of external objects on 
the retina, 5; he suggests improve- 
ments in the telescope, 7; and scienti- 
fically explained its principles, 7. 

Kinnaird Head, Scotland, lighted with 
paraboloidal reflectors and Argand 
lamps, 222. 

Kinnear camera, 169. 

Kircher invents tlxe magic lantern, 6. 

Kirclihoff's theory of the Fraunhofer 
lines, 250. 

taw of interference, 98. 

of reflection, 43. 

of visible direction, 119. 

Lenses, forms of. 18 ; how tliey magnify 
objects, 38; of least spherical aberra- 
tion, 67; gem, 60; aplanatic,"60; or- 
thoscope, 150. 

Lieberkuhn, 183. 

Light, its nature, 1 ; scientific men di- 
vided in opinion respecting it, 1 ; useful 
properties of, 2 ; Mosaic history of, 2 ; 
homage rendered to its source, 2 ; Pla- 
tonists acquainted with two of its 
important properties, 3 ; reflection of, 
42; waves of, how measured, 92; table 



of undulations of, 95 ; inflection or dif- 
fraction of, 96, 97 ; double refraction 
and polarisation of, 102, 106 ; oxycal- 
cium, 140 ; electric, 141 ; rays of, es- 
sential to tJie formation of woody fibre, 
219 ; laws of, applied to the laying of 
submarine electric cables, 221. 

Light, heat, and actinism distinct solar 
emanations, 89. 

Lighthouse apparatus, trial of, at the 
Paris Observatory, 234. 

system of France, 225. 

Lighthouses, illumination of, 222. 

Limits of possible transmission, 24; table 
of, 25. 

Linear magnifying power, 172. 

Long-sightedness, 5, 131, 

Magic circle, 209. 

Magic lantern invented by Kircher, 6, 132. 

Magnesium light for photographic en- 
largements, 166. 1; 

Magnifying power of a lens, how to find, 
40; of a simple microscope, 173; of a 
compound microscope, 174; of astro- 
nomical telescope, 192. 

Maps photo-zincographed, 215. 

Maurolycus explains the cause of vision, 5. 

Maximum actinic influence of the juice 
of the ten-weeks stock, 90. 

Meagher's binocular camera, 168 ; new 
folding camera, 169. 

Measure of dispersive power, 78. 

Membrane of the aqueous humour, 117. 

Method of lighting the sacred fires of tlie 
ancient Bomans and Druids, 4. 

Microscopes, 171 ; refracting, 174 ; magni- 
fying powerof, 175; reflecting, 175; 
Smith and Beck's popular, 176 ; direc- 
tions for use, 178; binocular, 182; ap- 
plication of polarised light to, 186 ; the 
live box, 188 ; the glass trough, 188 ; 
various forms of, 190. 

Micro-spectroscope, 343. 

Mirage explained, 26. 

Mirrors, plane, concave, and convex, 43 ; 
reliections &om, 46 ; conical and cylin- 
drical, 54. 

Mosaic history of light, 2. 

Molheivof-pearl, iridescence of, 102. 

Muscles of the eye, 114. 

Nasmyth's telescope, 196. 

National manuscripts, how photo-zinco- 
graphed, 215. 

Near sight, or short sight, 132. 

Nebulse, spectra of, 256. 

Negative axis of double refraction, 105. 

or left-handed circular double 

refraction, 106. 

Newton's spectrum, 68 ; method of mea- 
suring a wave of light, 92 ; telescope 
presei-ved in the library of the Koyal 
Society, 193. 

Number of waves of light in an inch, 94. 

Objections to the use of large lenses for 
photographic purposes, 37. 
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Objectives, photographic, 142; single, : 
two kinds of, 145 ; Dallmeyer's single, 
147 ; the globe, 147 ; Steinheil's, 149 ; 
Koss's, 149; orthoscopic, 150; Petz- 
val's, 161; triplet, 152; wide-angle 
rectilinear, ISt? ; patent portrait, 158 ; 
Dallmeyer's rectilinear aplanatic, 161. 
Objects invisible to the naked eye ren^ 
dered visible, 60. 

how magnified, 38. 

Observations of Scheele, 89, 
Octants, 204. 
Ocular spectra, 128. 
Oil of cassia spectnim, 81. 
On producing coloured pictures photogra- 
phically, 91. 
On substances with circular double refrac- 
tion, 106. 
On the law of visible direction, 119. 
Opera-glasses, 192, 
Optie nerve conveys Impressions to the 

brain, 4. 
Optical instruments, 131 ; toys, 209. 
Optics defined, 1 ; knowledge of, useful to 

engineers, architects, &c., 221. 
Origin of stereoscope 198. 
Orthoscopic lens, 150. 
Oxycalcium light, 140. 

Paper, quality of, used in photo-zinco- 
graphy, 211. 

Parabolic reflector, 184. 

Periscope, the, 149. 

Petzval's double portrait lens, 151. 

Phantaskopes, 209. 

Phantasmagoria, 134. 

Phenakistoscopes, 209. 

Philosophers, doubts of, respecting the 
means by which external objects were 
rendered visible, 3. 

Photographic apparatus, WotlJy's, 163. 

lenses or objectives, 142. 

enlarging apparatus. 161 ; 

prevention of fracture in the negative, 
164. 

— decorations of porcelain, 

glass, &c., 217. 

enlargements, magnesium 



light for, 166. 

- pictures, flare in, 154. 



Photography, art of, 8, 9 ; painting en- 
riched by, 89. 

Photo-lithography, 216. 

zincography, 211 ; production of 

the negative, 211 ; process of transfer, 
213. 

Plano-convex lens, 19 ; plano-concave 
lens, 19. 

Plato's opinion, 3. 

Play of the eyeball, 118. 

Pliny's knowledge of the magnifying 
power of concave mirrors, 4. 

Polarisation of light, 102, 103, 106; posi- 
tive axis of double refractioa, 105 ; 
positive or right-handed circtilar double 
refraction, 106; planes of polarisation, 
107 ; properties of polaiised light 



curious, complicated, and useful, 107; 
ray ■ extinguished, 108 ; ray, mten- 
sity of. 108 ; angle of, 108 ; induced by 
reflection, 111 ; byabsoi-ption, 112 ; con- 
verted into nebulous light, 112 ; applied 
to the microscope, 186 

Polariscopes, 108 ; improved, 110. 

Polarising saccharometer, 113. 

Porcelain, toning designs on, &c., 217. 

Porta's camera, 143. 

Portrait camera, 168. 

lens, double, of Petzval. 151. 

Posterior chamber of the eye, 116. 

Practical consequences of finding the 
lengtli of a wave of light, 99. 

.,.. optician has a wide range in 

the construction of achromatic lenses, 
86. 

Primary colours, red, yellow, and blue, 
compose the spectrum, 73, 76. 

Principal focal lengtli, 118. 

Principle of acluromatic telescopes, 83 ; of 
the telescope, 190. 

Prism, 18. 

Process of M. Ni^^ce de St. Victor, 91. 

Production of tlie image on the eye, 118. 

— - of the negative, 211. 

Property of meniscuses with spherical 
smfaces, 57. 

of pea-green glass stained witli 

oxide of copper, 221. 

Proportional value of the primary colours, 
128. 

Ptolemy's knowledge of refraction, 4. 

Pupil of tlie eye, 115 ; contracts and ex- 
pands, 115. 

Pythagoms's opinion of vision, 3. 

Quadrant, the, 202. 

Rainbow explained by Tlieodoric, 5. 

Beflecting microscope, 175. 

prisms substituted for mirrors 

in lighthouses, 224. 

Reflection of light, 42 ; lavr of, 43 ; angle 
of, 44 ; from plane mirrors, 45 ; by con- 
cave miiTors, 46 ; by convex mirrors, 
47; of converging rays by concave and 
convex mirrors, 49. 

Reflectora, cylindiical and conical, 54. 

Refracting microscope, 175. 

Refraction and reflection of light known 
to the ancients, 4. 

of Mght, 8; from air into 

water, 9 ; salt water refracts more than 
fresh water, 9 ; alcohol more than salt 
water, 9 ; glass more than alcohol, 9 ; 
different bodies refract in different 
degrees, 9 ; from a rare into a dense 
medium, 10 ; frotn a dense into a rare 
medium, 10 ; law of, 10 ; discovered by 
Snellius, 7 ; exposition of, by Desc^es, 
7 ; angle or, 11 ; index of, 13 ; table oi 
indices, 13 ; by prisms and lenses, 18 ; 
through pi-isms, 19; through plane glass, 
22 ; through paraUnl media, 25 ; througli 
canned surfaces, 25 ; through spheres, 
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27 ; through convex lenses, 29 ; througrh 
concave lenses, 33 ; through a meniscus 
and concavo-convex lenses, 35 ; refrac- 
tion, double, 103 ; ordinary and extraor- 
dinary law of, 105; axis of, 105. 

Befrangibility of light, 69. 

Retina, 115; expansion of optic nerve, 
115. 

Hoss's doublet, 149. 

Sevolving or magazine stereoscope, 199. 

Koyal Gardens at Kew, scorching pre- 
vented at, 221. 

Rubidium discovered by spectrum analy- 
sis, 258. 

Rule for finding the focus of a sphere, 29 ; 
of a glass lens unequally convex, 30 
—32 ; for a plano-convex lens of glass, 
31, 32; for diverging rays when the 
lens is equally convex, 33 ; when plano- 
convex, 33 ; for concave lenses, 33 ; 
for a meniscus with parallel, converg- 
ing, and diverging rays, 35; for find- 
ing the magnifying power of a lens, 40 ; 
to find the magnifying power of astro- 
nomical telescopes, 192. 

Saint Victor's process of taldng coloured 
photographs, 91. 

Satellites of Jupiter and solar spots dis- 
covered by GaUIeo, 6 ; that the milky- 
way and nebulae consisted of a vast 
number of fixed stars, 6; and that 
Venus changes hke the moon, 7. 

Satuni, fourth satellite of, discovered, 192. 

Scheele's observations, 89. 

Sclerotic coat of the eye, 114.7 

Scorchinpr of plants prevented at the 
Royal G-ardens at Kew, 221. 

Scotch national manuscripts, how photo- 
zincographed, 215. 

Secondary colours, 129. 

Seebecks discoveries, 88. 

Seeds will not germinate in light deprived 
of the principle upon which chemical 
change depends, 218. 

Seneca's knowledge of colours by refrac- 
tion, 3 ; and tlie magnifying power of 
concave mirrors, 4. 

Sextants, 204. 

Short-sightedness, cause of, 6; remedy 
for, 132. 

Silver designs on porcelain, glass, &c., 
217. 

Sines of tlie angles of incidence and re- 
fraction, 11, 12. 

Single objectives, two kinds of, 145. 

Size of pictures on the retina, 126. 

Sliders, 140. 

Smallest magnitude visible by a micro- 
scope, 100. 

Smith and Beck's popular microscope, 
176 ; directions for use, 178 ; stage with 
meclianical movements, 189 ; magnify- 
ing power of, 189. 

Snellius discovers the law of refraction, 7. 

Soap-bubbles, iridescence of, 102. 

Solar camera, American, 162. 

camera, without reflector, 163. 



Solar light, compound, 67. 

spectrum, 251. 

Spar, Iceland, double refraction first dis- 
covered in. 103. 

Spectacles, tneir invention, '5 ; utility of, 
131. 

Spectra, how two may be seen at the 
same time, 237 ; how to oompai-e spectra 
of terrestrial substances with stellar 
spectra, 242 ; of comets, 255 ; of nebulse, 
256. 

Spectroscope, on the, 229 ; Browming's 
small, 233; Herachel-Browning direct- 
vision, 234; how to use the, 236; 
various forms of, 240—242 ; micro- 
spectroscope, 243 ; measuring the posi- 
tion of absorption bands by, 245 ; dis- 
coveries made by, 258; application of 
to the manufacture of Bessemer steel, 
259. 

Spectrum, 68, 73, 81 ; how to obtain the 
bright lines in tlie, given by any sub- 
stance, 236; to view Fraunhofer's lines 
in the, 257 ; to map out any, 238. 

Spectrum analysis, 229 ; WoUaston's ob- 
servations, 229 ; Fraunhofer's lines, 231 ; 
Herschel and Brewster's experiments, 
249 ; Wheatstone's discoveries, 2^9 ; 
Kii'chhoifs theory, 250; application to 
the discovery of new elements, 258;, 
solution of problems relating to the 
circulation of ihe blood by, 260. 

Spheres of tabasheer, water, glass, zircon, 
28. 

Spherical lens, 18. 

aberration in lenses and mirrors, 

55 ; should be reduced to the least pos- 
sible, 145. 

Spirit level, the, 208 ; varieties of, 208. 

Standard of distinct vision, 172. 

Stars, the cause of their twinkling, 5; 
seen below the horizon by means of 
refraction, 5. 

Steinheil's periscope, 149. 

Stereoscope, 196 ; revolving or magazine, 
199. 

Stevenson's modification of Fresnel's 
lighthouse system, 223. 

Stokes, Professor, discoveries, 70. 

Structures of bodies discovered by means 
of polarised light, 112. 

Submarine telegraphic cables, the laws of 
light applied to the laying of, 221. 

Sugai', raw, value of, determined by the 
polarising saccharometer, 113. 

Supei-ficial magnifying power, 172. 

Table of dispersive powers, 79. 

of indices of refraction of the mean 

rays of each of the prismatic colours 
for ceitain media, 82. 

Tangent of caustic curves, 64. 

Telescope made by Galileo magnified 
about tliirty times, 6 ; improvements 
suggested by Kepler in, 7 ; reflecting, 
53 ; Cassegrainian, 53 ; achromatic, 83 ; 
its principle, 190 ; its simplest . con- 
struction, 191 ; astronomical, 191 ; Gali- 
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lean, 192; Newtonian, 193; Bosaeian, 
195 ; one of the most wonderful com* 
binations of art and science, 195 ; the 
mountains, valleys, and extinct volca- 
noes of the moon visible by, 196; the 
greatest achievement of modem dis- 
covery, 196 ; binocular, 196. 

Thallium discovered by spectrum analy- 
sis, 256. 

Thaumatrope, 209. 

Theories of light, corpuscular, undula- 
tory, 1. 

- ■ of Newton and Brewster re- 

specting the number of colours in the 
spectrum reconciled, 75. 

Thin transparent plates, 101. 

Toning designs on porcelain, glass, &c., 
217. 

Tourmaline, disc of, 109. 

Transit, the, 206. 

Trinity House, London, sends a deputa- 
tion to France, 222. 

Turnip seed, experiments with, 218. 

Turntable for telescopes, 196. 

Two axes of double refraction, 105. 

systems of reflective rays from a 

looking-glass, 101. 

T^cho Brahe determines the amount of 
atmospheric refraction, 7. 

TTnited States, primeval forests of, 220. 
Utility of polarised Ught, 112. 
Uvea, 116. 

Value of raw sugars determined by the 
polarising saccluEirometer, 113. 



Van Monckhoven's dyalltic apparatus, 163* 
Variety of optical phenomena produced 

by light passing the edges of small 

bodies, 100, 
Ventilation of lighthouses, 226. 
Virtual focus, 47. 
Visible direction, law of, 119. 
Vision not complete till impressions reach 

the brain, 4 ; single, with two eyes, ex- 
plained, 5. 
Visual angle, 176. 
Vitality in seeds, origin of, 219; how 

exerted, 219 ; speedily determined by 

blue glass, 220. 
Vitreous humour, 117 ; enclosed in the 

hyaloid, 117. 

Wash-hand basin, caustics formed by, 65. 

Waves of light measured, 93. 

Weak sight, 131 ; remedy for, 132. 

Wenham's binocular body, 180. 

Wheatstone's discoveries in spectrum 
analysis, 249. 

White light that remains white after any 
number of refractions^ 73. 

■ of eggp found in the eye, 117. 

WoUaston's observations of the solar 
spectrum, 229. 

Woodward's apparatus, 162. 

Wortman's researches on colour-blind- 
ness, 125. 

Wothly's photographic apparatus, 163. 

Young. Dr. T., calculates table of undula- 
tions of light, 95. 



THE END, 
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